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ABSTRACT 


The  oxidation  of  refractory  borides,  graphites  and  JT  composites, 
hypereutectic  carbide-graphite  composites,  refractory  metals,  coated 
refractory  metals,  metal  oxide  composites,  and  iridium  coated  graphites 
in  air  over  a  wide  range  of  conditions  was  investigated  over  the  spectrum 
of  conditions  encountered  during  reentry  or  high  velocity  atmospheric  flight, 
as  well  as  those  employed  in  conventional  furnace  tests.  Elucidation  of  the 
relationship  between  hot  gas/cold  wall  (HG/CW)  and  cold  gas/hot  wall  (CG/HW) 
surface  effects  in  terms  of  heat  and  mass  transfer  rates  at  high  temperatures 
was  a  principal  goad. 

Arc  plasma  exposures  have  been  performed  at  Mach  Numbers  between 
0.1  and  3.2  stagnation  pressures  between  0,01  and  1.0  atm.,  stagnation  en¬ 
thalpies  up  to  16,000  BTU/lb,  cold  wall  heat  flux  up  to  1200  BTU/ft^sec,  ex¬ 
posure  times  up  to  23,400  seconds  and  surface  temperatures  between  2100 
and  650Q°F.  Data  include  material  recession,  metallographic  and  X-ray 
analysis,  radiated  heat  flux  and  normal  total  emittance.  In  addition,  color 
motion  picture  coverage  was  provided.  Materials  forming  solid  oxides  show 
lower  recessions  in  the  HG/CW  tests  at  a  stated  surface  temperature  than  in 
CG/HW  tests.  The  reverse  is  true  for  ablating  materials.  Temperature  gra¬ 
dients  of  800°  to  1500°F  through  30-50  mil  oxides  are  observed.  The  practical 
implications  of  this  finding  are  substantial  (if  the  gradients  exist  under  free 
flight  conditions).  Since  the  temperature  level  experienced  by  the  substrate  is 
substantially  below  that  predicted,  strength  and  load  carrying  capacity  of  the 
substrate  would  be  much  higher  than  for  the  case  where  gradients  are  ignored. 
Long-time  cyclic  exposures  of  diboride  composites  in  the  Model  500  and 
ROVERS  facilities  for  trajectories  typified  by  FDL-7MC  provide  a  striking 
illustration  of  the  reuse  capability  of  boride  composites  for  lifting  reentry 
applications . 

A  HfB2+SiC  composite  was  exposed  for  thirteen  cycles  at  0.07  atm 
(1  psi)  stagnation  pressure,  a  stagnation  enthalpy  of  10,200  BTU/lb  and  a 
cold  wall  heat  flux  of  495  BTU/ft^sec.  Each  cycle  was  about  1800  seconds 
long  with  a  total  exposure  time  of  22,500  seconds  at  a  surface  temperature 
near  5300°R.  Total  material  recession  was  15  mils.  A  ZrB2+SiC  composite 
was  exposed  for  four  cycles  at  1.0  atm  (15  psi)  stagnation  pressure,  a  stag¬ 
nation  enthalpy  of  5000  BTU/lb  and  a  cold  wall  heat  flux  of  380  BTU/ft2sec. 
Each  cycle  was  1800  seconds  long,  total  exposure  time  was  7200  seconds. 

The  surface  temperatures  were  near  5000  R.  Total  material  recession  was 
26  mils.  Under  similar  conditions  graphite  and  tungsten  would  exhibit  re¬ 
cessions  of  7  to  1 4  inches . 

These  results  illustrate  the  reuse  capability  of  boride  composites  for 
lifting  reentry  application,  since  they  exceed  the  range  of  conditions  for  FDL- 
7MC.  This  capability  is  unrivaled  by  any  other  materials  system. 

Surface  temperatures  calculated  from  stream  conditions  and  radiation 
equilibrium  agree  with  observed  temperatures  on  melting.  When  solid  coatings 
are  present,  surface  temperatures  are  below  computed  values.  Silicon  car¬ 
bide  bearing  materials  achieve  lower  temperatures  than  predicted  from  stream 
conditions  and  exhibit  superior  behavior. 

This  abstract  is  subject  to  special  export  controls,  and  each  trans¬ 
mittal,  to  foreign  governments  or  foreign  nationals  may  be  made  only  with 
prior  approval  of  the  Air  Force  Materials  Laboratory  (MAMC),  Wright  - 
Patterson  Air  Force  Base,  Ohio  45433. 
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I.  INTRODUCTION  AND  SUMMARY 
A.  Introduction 

The  response  of  refractory  materials  to  high  temperature 
oxidizing  conditions  imposed  by  furnace  heating  has  been  observed  to 
differ  markedly  from  the  behavior  in  arc  plasma  "reentry  simulators." 
The  former  evaluations  are  normally  performed  for  long  times  at  fixed 
temperatures  and  slow  gas  flows  with  well  defined  solid/gas-reactant/ 
product  chemistry.  The  latter  on  the  other  hand  are  usually  carried  out 
under  high  velocity  gas-flow  conditions  in  which  the  energy  flux  rather 
than  the  temperature  is  defined  and  significant  shear  forces  can  be  en¬ 
countered.  Consequently,  the  differences  in  philosophy,  observables 
and  techniques  used  in  the  "material  centered"  regime  and  the  "envir¬ 
onment  centered-reentry  simulation"  area  differ  so  significantly  as  to 
render  correlation  of  material  responses  at  high  and  low  speeds  diffi¬ 
cult  if  not  impossible  in  many  cases.  Under  these  circumstances,  ex¬ 
peditious  utilization  of  the  vast  background  of  information  available  in 
either  area  for  optimum  matching  of  existing  material  systems  with 
specific  missions  or  prediction  and  synthesis  of  advanced  material  sys¬ 
tems  to  meet  requirements  of  projected  missions  is  sharply  curtailed. 

In  order  to  progress  toward  the  elimination  of  this  gap, 
an  integrated  study  of  the  response  of  refractory  materials  to  oxida¬ 
tion  in  air  over  a  wide  range  of  time,  gas  velocity,  temperature  and 
pressure  has  been  designed  and  implemented.  This  interdisciplinary 
study  spans  the  heat  flux  and  boundary- layer- shear  spectrum  of  con¬ 
ditions  encountered  during  high  velocity  atmospheric  flight  as  well  as 
conditions  normally  employed  in  conventional  materials  centered  in¬ 
vestigations.  In  this  context,  significant  efforts  have  been  directed 
toward  elucidating  the  relationship  between  hot  gas/cold  wall  (HG/CW) 
and  cold  gas/liot  wall  (CG/HW)  surface  effectB  in  terms  of  heat  and  mass 
transfer  rates  at  high  temperatures,  so  that  full  utilization  of  both  types 
of  experimental  data  can  be  made.  The  elucidation  of  mass  transfer 
reactions  has  been  studied  in  regimes  where  gaseous  and  solid  oxide 
formation  occurs. 

The  principal  goal  of  this  study  is  the  coupling  of  the 
material-centered  and  environment- centered  philosophies  in  order 
to  gain  a  better  insight  into  systems  behavior  undex-  high-speed 
atmospheric  flight  conditions.  This  coupling  function  has  been  pro¬ 
vided  by  an  interdisciplinary  panel  composed  of  scientists  represent¬ 
ing  the  component  philosophies.  The  coupling  framework  consists  of 
an  intimate  mixture  of  theoretical  and  experimental  studies  specifically 
designed  to  overlap  temperature /energy  and  pressure/velocity  condi¬ 
tions.  This  overlap  has  provided  a  means  for  the  evaluation  of  test 
techniques  and  the  performance  of  specific  materials  systems  under  a 
wide  range  of  flight  conditions.  In  addition,  it  provides  abase  for 
developing  an  integrated  theory  of  modus  operand!  capable  of  translating 


reentry  systems  requirements  such  as  velocity,  altitude,  configuration 
and  life  time  into  requisite  materials  properties  as  vaporization  rates, 
oxidation  kinetics,  density,  etc.  ,  over  a  wide  range  of  conditions. 

The  correlation  of  heat  flux,  stagnation  enthalpy,  Mach 
No. ,  stagnation  pressure  and  specimen  geometry  with  surface  tempera¬ 
ture  through  the  utilization  of  thermodynamic,  thermal  and  radiational 
properties  of  the  material  and  environmental  systems  used  in  this  study 
was  of  prime  importance  in  defining  the  conditions  for  overlap  between 
materials-centered  and  environment-centered  tests. 

Significant  practical  as  well  as  fundamental  progress  along 
the  above  mentioned  lines  necessitated  evaluation  of  refractory  mater¬ 
ial  systems  which  exhibit  varying  gradations  of  stability  above  2700°F. 
Emphasis  was  placed  on  candidates  for  3400°  to  6000°F  exploitation. 

Thus,  borides,  carbides,  boride -graphite  composites  (JTA),  JT  com¬ 
posites,  carbide -graphite  composites,  pyrolytic  and  bulk  graphite,  PT 
graphite,  coated  refractox<y  metals/ alloys,  oxide-metal  composites, 
oxidation  resistant  refractory  metal  alloys  and  iridium-coated  graphites 
were  considered  (See  Table  1).  Similarly,  a  range  of  test  facilities  and 
techniques  including  oxygen  pickup  measurements,  cold  sample /hot  gas 
and  hot  sample/cold  gas  devices  at  low  velocities,  as  well  as  different 
arc  plasma  facilities  capable  of  covering  the  50-2500  BTU/ft2sec  flux 
range  under  conditions  equivalent  to  speeds  up  to  Mach  12  at  altitudes  up 
to  200,  000  ft  were  employed.  Stagnation  pressures  between  0.001  and 
10  atmsopheres  were  covered.  Splash  and  pipe  tests  were  performed  in 
order  to  evaluate  the  effects  of  aerodynamic  shear.  Based  on  the  present 
results,  this  range  of  heat  flux  and  stagnation  enthalpy  produced  surface 
temperatures  between  2000°  and  6500°F, 

B.  Summary 

The  present  report  is  one  of  a  series  (l_-6),!‘  and  describes 
the  results  of  Hot  Gas /Cold  Wall  exposures  performed  at  Avco/SSD  and 
at  the  Wave  Superheater  Arc  Tunnel  of  Cornell  Aeronautical  Laboratory. 

The  testing  at  Avco/SSD  wau  performed  under  the  direction  of  H.  Hoercher, 
J.  Recesso,  R.  Broughton  and  R.  Abate  were  actively  engaged  in  per¬ 
forming  these  tests.  Exposures  were  carried  out  in  the  Model  500,  ROVERS 
and  Ten  Megawatt  Arc  Facilities.  The  range  of  conditions  employed  in 
these  tests  covered  stagnation  pressures  between  0,002  and  4.0  atm.  ,  stag¬ 
nation  enthalpy  between  2000  and  16,  000  BTU/lb,  cold  wallheat  flux  between 
100  and  1500  BTU/ft^sec  and  exposure  times  between  20  seconds  and  23, 000 
seconds.  A  full  spectrum  of  diagnostic  measurements  including  surface 
temperature  and  radiated  heat  flux  was  continuously  monitored  during  the 
exposures.  Complete  color  film  coverage  were  reported  for  selected 
models.  A  complete  description  of  the  techniques  employed  in  these  tests 
has  been  presented  (3). 


Underscored  numbers  in  parentheses  indicate  references  given  at  the 
eud  of  this  report. 
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Testing  in  the  Cornell  Wave  Superheater  was  performed 
under  the  direction  of  S.  Tate,  D.  Colosimo  and  K.  Graves.  The 
Wave  Superheater  offers  the  possibility  of  exposing  samples  at  very  high 
velocity  for  short  times.  The  heat  flux  levels  can  be  varied  by  changing 
the  position  of  the  specimen  relative  to  the  nozzle.  In  this  manner  variable 
heat  flux/temperature  levels  can  be  attained.  Multiple -sample  runs  can 
be  made  using  samples  in  the  size  range  programmed.  CAL  furnished 
data  on  gas  enthalpy,  heat  flux,  surface  temperature,  stagnation  pressure 
as  well  as  colored  motion  pictures  of  the  test  samples.  A  complete 
description  of  testing  methods  has  been  presented  (_3).  All  test  samples 
were  returned  to  ManLabs  for  post-mortem  metallography  conducted 
under  the  direction  of  H.  Nesor. 

Current  results  for  boride-base  materials  indicate  sub¬ 
stantially  lower  recession  rates  in  the  HG/CW  arc  plasma  tests  than  in 
the  CG/HW  furnace  tests.  This  difference  is  most  striking  for  HfB£>  ^ 

(A-2)  and  ZrB2<A-3)  where  an  order  of  magnitude  difference  is  observed 
at  surface  temperatures  of  4Q0Q°F.  This  difference  is  reduced  by  the 
addition  of  SiC  to  the  boride.  Thus,  the  HC/CW  and  CG/HW  results  for 
HfB2  +  SiC(A-4)  and  (A-7)  agree  more  closely  than  do  the  corresponding 
data  for  the  pure  diborides .  Results  of  " in- depth"  temperature  measurements 
during  arc  plasma  tests  indicate  that  these  differences  are  principally 
due  to  temperature  gradients  through  the  oxide.  Direct  measurements 
indicate  that  temperature  gradients  of  1500°F  can  exist  through  a  100 
mil  wall  thickness  of  boride  plus  oxide. 

Gradients  have  also  been  observed  for  HfB^  t(A-2)  and 
ZrB2(A-3)  in  the  high  velocity  CG/HW  tests  (J>).  In  these  tests  the 
temperature  of  the  CG/HW  interface  is  lower  than  that  of  the  substrate. 
Moreover,  the  rate  of  oxidation  observed  in  these  high  velocity  CG/HW 
tests  agreed  with  results  of  CG/HW  furnace  tests  (in  which  virtually  no 
gradients  exist)  run  at  temperatures  corresponding  to  the  surface 
temperatures  observed  in  the  high  velocity  CG/HW  tests.  In  the  JiG/CW 
arc  plasma  tests,  however,  the  temperature  is  highest  at  the  HG/CW 
interface.  The  rate  of  oxidation  observed  in  the  arc~plaama  tests  at  a 
stated  HG/CW  surface  temperature  is  much  less  than  that  observed  in 
furnace  tests  at  the  same  surface  temperature.  Moreover,  the  gradients 
appear  to  exist  for  long  periods  of  time.  These  findings  are  in  general 
agreement  with  the  deductions  based  on  post-mortem  metallography  and 
comparison  of  arc  plasma  and  furnace  oxidation  tests.  The  figure  shown 
below  offers  a  schematic  representation  of  the  behavior  of  oxide  forming 
refractory  materials  in  the  CG/HW  and  HG/CW  tests. 

The  central  figure  represents  the  oxide  and  matrix  of  a 
solid  oxide  forming  material  (i.e.,  HfB2.l(A-2),  ZrB2(A-3)  or  Hf-20Ta- 
2Mo(I-23)  in  a  CG/HW  furnace  test  at  3900°R.  The  temperature  distribution 
across  the  oxide  and  matrix  zones  is  assumed  to  be  constant.  In  the  figure 
at  the  right,  which  represents  the  temperature  gradients  through  a  high 
velocity  CG/HW  sample  (inductively  heated),  the  temperature  is  lowest  at 
the  CG/HW  surface.  Conversely,  in  the  figure  at  the  left  representing  a 
hg/cw  arc  plasma  test  sample,  the  temperature  is  highest  at  the  HG/CW 
surface.  These  schematic  figures  suggest,  that  if  the  observed  recession 
is  limited  by  the  minimum  temperature  in  the  oxide  (where  diffusion  rates 
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of  oxygen  and  components  of  the  substrate  would  be  slowest)  the  present 
HG/CW  and  high  velocity  CG/HW  results  could  be  brought  into  line  with 
the  CG/HW  furnace  results  where  temperature  gradients  are  largely 
absent. 
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The  practical  implications  of  this  finding  are  quite  sub¬ 
stantial  since  if  thin  layers  of  these  solid  oxides  can  result  in  such  large 
gradients  (and  if  the  gradients  exist  under  free  flight  conditions),  the 
temperature  level  experienced  by  the  substrate  is  substantially  below  the 
temperature  at  the  HG/CW  surface.  Under  such  circumstances,  the  pre¬ 
dicted  strength  and  load  carrying  capacity  of  the  substrate  would  be  much 
higher  than  for  the  case  where  gradients  are  ignored. 

As  a  direct  illustration  of  the  implications  of  these  findings 
a  number  of  long-time  cyclic  exposures  of  diboride  composites  have  been 
performed  in  the  Model  500  and  ROVERS  facilities  to  evaluate  reuse 
capabilities  for  trajectories  typified  by  FDL-7MC  which  is  shown  in  the 
figure  below.  The  results  provide  a  striking  illustration  of  the  reuse 
capability  of  these  materials  for  lifting  reentry  applications. 

Sample  HfBj>  ^  +  20%SiC(A-7)-28R  was  exposed  for  thirteen 
cycles  at  0.07  atm  (1  psi)  sfagnation  pressure,  a  stagnation  enthalpy  of 
10,200  BTU/lb  and  a  cold  wall  heat  flux  of  495  BTU/ft2  sec  .  Each  eye le 
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was  about  1800  seconds  long  with  a  total  exposure  time  of  22,500  seconds. 
The  surface  Lemper  a  Lure  increased  from  one  cycle  Lo  Lhe  next  starting 
at  3500°R  and  holding  near  5300°R  for  cycles  5  through  13,  Total  material 
recession  was  15  mils  after  this  extremely  long  exposure.  Sample  ZrB2,  1  + 
20%SiC(A-8)- 15M  was  exposed  for  four  cycles  at  1 , 0  atm  ( 1 5  psi)  stag¬ 
nation  pressure,  a  stagnation  enthalpy  of  5000  BTU/lb  and  a  cold  wall  heat 
flux  of  380  BTU/ft2  sec.  Each  cycle  was  1800  seconds  long,  total  exposure 
time  was  7200  seconds.  The  surface  temperatures  were  near  5000  R. 

Total  material  recession  was  26  mils.  Finally,  sample  ZrB2+Si C+C 
(A-  10)-26R  (which  is  not  illustrated  on  the  accompanying  figure)  was  exposed 
at  0.236  atmospheres  (3  psi)  stagnation  pressure,  a  stagnation  enthalpy 
of  7700  BTU/lb  and  a  cold  wall  heat  flux  of  455  BTU/ft2sec.  This  test 
covered  eleven  cycles  of  approximately  1800  seconds  duration  for  a  total 
exposure  time  of  18,900  seconds.  Surface  temperature  held  near  5100  R 
after  the  first  cycle.  Total  material  recession  was  83  mils. 

These  results  illustrate  the  reuse  capability  of  boride  com¬ 
posites  for  lifting  reentry  application,  since  their  range  of  applicability  ex¬ 
ceeds  the  range  of  conditions  and  flight  times  of  the  FDL-7MC  trajectory 
shown  above.  This  capability  is  unrivaled  by  any  other  materials  system. 

The  candidate  ZrB2(A-3)  material  did  not  exhibit  any  thermal 
stress  failures  at  flux  levels  as  high  as  950  BTU/ft2sec.  However,  Boride 
Z(A-5)  exhibited  thermal  shock  cracks  after  exposure  at  flux  levels  above 
200-250  BTU/ft2sec. 

Boride  composites  HfB2+20%SiC(A-4)  and  (A-7),  and  ZrB2+ 
20%SiC(A-8)  were  found  to  exhibit  remarkable  oxidation  and  thermal  stress 
resistance  in  HG/CW  arc  plasma  tests.  Although  these  materials  display 
temperature  gradients  in  the  oxides,  the  difference  between  the  arc  plasma 
and  furnace  oxidation  depths  are  small.  The  adherent  oxide  which  forms 
on  these  composites  results  in  low  recessions  observed  after  exposures 
in  the  3500°-4500°F  temperature  range.  In  addition,  (A-4)  exhibited  no 
thermal  shock  failures  at  flux  levels  up  to  1000  BTU/ft2sec.  Radiation 
equilibrium  calculations  performed  for  exposures  of  these  materials  showed 
that  the  ratio  T(CALC)/T(OBS)  for  (A-2),  (A- 3)  and  (A-4)  exceeds  unity  thus 
the  observed  temperature  was  16%  lower  than  expected  for  (A-2),  9% 
lower  than  expected  for  (A- 3)  and  22%  lower  than  expected  (based  on 
radiation  equilibrium)  for  (A-4).  Similarly,  the  other  boride  composites 
containing  SiC,  i.e.,  HfB2+20%SiC(A-7),  ZrB2+20%SiC(A-8)  and  HfB2+ 
35%SiC(A-9)  yielded  ratios  of  1.25,  1.34  and  1.17.  Moreover,  exposure 
of  hemispherical  models  exhibited  lower  surface  temperatures  than  those 
observed  for  flat  faced  cylinders. 

Examination  of  HfB2+SiC(A-7)  after  14,030  seconds  exposure 
in  eight- 1800  second  cycles  at  a  stagnation  pressure  of  1.03  atmospheres 
a  cold  wall  heat  flux  of  450  BTU/ft2sec  and  an  enthalpy  level  of  4180 
BTU/lb,  showed  a  total  recession  of  329  mils  or  about  0.  32  inches.  Under 
similar  conditions  graphite  and  tungsten  would  exhibit  recessions  of  14  to 
28  inches.  ZrB2+20%SiC(A-8)  displays  all  of  the  same  features  shown  by 
HfB2+SiU(A-7)  although  it  is  not  as  refractory  as  its  hafnium  base  counter¬ 
part.  However,  the  decrease  in  temperature  resistance  is  compensated 
for  by  the  reduced  density  and  cost.  Zirconium  diboride  is  roughly  one 
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half  the  density  and  one  tenth  the  price  of  hafnium  diboride.  Measurements 
of  the  temperature  gradients  through  oxide  coatings  formed  on  ZrB2+SiC 
(A-8)  yielded  results  which  are  smaller  than  exhibited  by  ZrB2(A-3).  This 
finding  appears  to  be  due  to  the  higher  thermal  conductivity  of  the  oxide 
formed  on  (A-8)  (as  compared  with  (A- 3)).  ZrB2+SiC(A-8)  exhibits  the 
same  tendency  to  develop  low  temperatures  as  (A-4)  and  (A- 7).  The  be¬ 
havior  of  H£B2+35%SiC(A-9)  was  found  to  be  similar  to  (A-4)  and(A-7).  The 
major  difference  is  that  (A-9)  is  less  refractory  than  (A-4)  and  (A- 7). 

Recession  rates  observed  for  graphites  in  HG/ CW  arc  plasma 
tests  are  substantially  higher  than  thos  observed  in  CG/HW  furnace  tests  at 
1-9  ft/ sec  in  air  flow  rate.  This  indicates  that  the  latter  are  supply  limited. 
The  results  of  high  velocity  CG/HW  tests  on  graphite  at  air  flow  rates  near 
250  ft/ sec  approach  the  results  obtained  in  the  arc  plasma  exposures.  Modest 
temperature  gradients  were  measured  through  graphite  samples  during  HG/CW 
tests.  Limiting  survival  conditions  for  Si/RVC(B-8)  determined  under  HG/ CW 
conditions  depart  from  the  behavior  in  furnace  tests  and  correspond  to  the  fail¬ 
ure  characteristics  observed  for  silicon  carbide  in  HG/CW  tests.  In  the  arc 
plasma  tests,  Si/RVC(B-8)  exhibits  protective  oxidation  up  to  surface  temper¬ 
atures  near  3800°F,  some  700°F  above  the  failure  temperature  in  furnace 
tests.  Graphite-type  behavior  occurs  above  this  temperature.  The  recession 
rates  of  all  of  the  graphites  are  inversely  proportional  to  material  density. 

Hypereutectic  carbides  HfC+C(C-ll)  and  ZrC-rC(C-12)  exhibited 
excellent  oxidation  resistance  at  surface  temperatures  below  5000°F  and 
melted  under  very  high  temperature  conditions  in  line  with  reported  melting 
points.  The  present  results  are  consistent  with  the  eutectic  temperatures  but 
show  little  dependence  on  the  melting  point  of  the  oxides.  Current  data  indi¬ 
cate  comparable  oxidation  rates  in  the  CG/HW  and  HG/CW  tests.  No  thermal 
shock  failures  were  noted  at  flux  levels  up  to  750  BTU/ft^sec.  In  line  with  the 
oxidation  behavior  noted  in  furnace  tests,  the  HG/CW  arc  plasma  tests  show  a 
"puffy"  oxide  which  forms  at  the  lower  temperatures  investigated.  This  oxide 
has  been  noted  in  air  oxidation  tests  performed  in  furnaces  below  3400°F. 
Rapid  oxidation  occurs  at  the  back  of  samples  where  the  surface  temperature 
is  lower  than  at  the  front  face.  This  is  another  characteristic  of  the  HfC+C 
(C-ll)  oxidation  which  is  in  line  with  the  furnace  test  results  (4),  The  oxida¬ 
tion  behavior  of  samples  containing  13.  6  w/o  G  does  not  appear  to  differ 
materially  from  samples  fabricated  from  the  billets  which  contain  14.  0  to 
15.6  w/o  carbon.  The  behavior  of  ZrC+C(C-12)  in  the  HG/CW  arc  plasma 
tests  was  found  to  be  similar  to  that  of  HfC+C(C-.ll). 

KT-SiC(E-14)  exhibited  rapid  recession  rates  at  surface 
temperatures  above  3900°F.  This  is  some  400°F  above  the  limit  observed 
in  furnace  tests  and  in  line  with  the  results  obtained  for  Si/RVC(B-8). 

Composites  of  borides,  carbides  and  graphites  including 
ZrB2+SiC+C(A-10),  JTA(C-ZrB2-SiC)(D-l  3),  JT0992(C-HfC-SiC)(F-l  5) 
and  JT0981(C-ZrC-SiC)(F-l6)  exhibited  HG/CW  tests  results  which  were 
comparable  to  their  CG/HW  behavior.  At  elevated  temperatures,  destruction 
of  the  protective  oxide  coatings  leads  to  graphite-type  recession  behavior. 
ZrB2+SiC+C( A- 10)  exhibits  the  best  oxidation  resistance  in  this  group  owing 
to  the  fact  that  is  is  a  boride -base  rather  than  a  graphite  base  composite.  It 
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also  shows  lower  recession  rates  in  the  HC*/CW  tests  than  in  the  CG/HW 
tests  as  is  the  case  for  ZrB2(A-3).  Melting  of  ZrB2+SiC+C(A- 10)  is  en¬ 
countered  near  5000°F  where  substantial  differences  between  low  pressure 
and  one  atmosphere  oxidation  rates  are  observed.  Thermal  shock  failures 
were  not  observed  at  flux  levels  up  to  1010  BTU/ft^sec.  The  low  density 
(4.5  gms/cm3),  high  strength,  low  modulus  and  good  machinability  ex¬ 
hibited  by  this  composite,  when  coupled  with  its  ox'dation  resistance  up 
to  5000°F,  offer  an  exceptional  combination  of  properties. 

In  general,  the  behavior  of  the  (A- 10)  composite  is  quite 
similar  to  that  exhibited  by  (A-4),  (A-7)  and  (A-8).  Although  (A- 10)  is 
not  as  refractory  as  (A-4)  and  (A-7)  the  lower  density,  cost,  thermal  stress 
resistance  and  machining  characteristics  of  this  composite  provide  com¬ 
pensating  advantages  for  application  in  reusable  lifting  reentry  spacecraft. 

Extensive  precautions  were  taken  in  order  to  insure  that 
temperature  measurements  of  the  model  surface  are  accurate.  In  general, 
the  comparison  of  observed  surface  temperatures  in  HG/CW  arc  plasma 
tests  with  values  calculated  from  stream  conditions  are  in  relatively  good 
agreement.  Moreover,  a  number  of  temperature  measurements  employing 
two  color  pyrometers  yielded  good  results.  Additional  verification  was 
obtained  by  measuring  the  melting  points  of  tungsten  and  molybdenum  in 
the  arc  facilities  using  pure  nitrogen  streams  for  comparison  with  accepted 
values.  The  relatively  good  agreement  obtained  in  these  tests  should  eliminate 
concern  over  the  accuracy  of  surface  temperature  measurements  due  to 
interference  of  the  arc  with  optical  observations. 

A  substantial  number  of  thermal  shock  failures  of  JTA(D-13) 
and  JT0981(F- 16)  have  been  observed.  For  JTA(D-13),  these  failures 
occurred  in  random  fashion  at  flux  levels  above  500  BTU/ftzsec.  The 
samples  which  failed  by  thermal  shock  were  machined  from  2-1/2"  dia¬ 
meter  x  2"  long  billets  of  JTA(D-13)  in  an  orientation  which  corresponded 
to  the  hot  pressing  direction.  Thus,  the  axis  of  the  arc  plasma  test  sample 
was  parallel  to  that  of  the  hot  pressed  cylinder.  Under  these  conditions, 
residual  strain  present  in  the  billets  and  in  the  samples  could  provide  a 
source  of  the  failures.  However,  a  series  of  samples  oriented  with  their 
axes  perpendicular  to  the  pressing  direction  showed  no  thermal  shock 
failures  at  flux  levels  in  excess  of  500  BTU/ft^sec.  This  finding  has 
particular  relevance  to  applications  in  which  JTA(D-13)  parts  are  exposed 
to  severe  environmental  heat  fluxes.  JT0992(F-15)  did  not  exhibit  sensitivity 
to  thermal  shock. 

The  behavior  of  these  compositgs  is  characterized  by  low 
recession  rates  at  temperatures  bet./een  3000°F  and  4000  F,  best  illustrated 
in  ZrB2+SiC+C(A- 10)  and  JT0992(F- 1 5)  at  temperatures  up  to  4500°F. 

Above  5000°F,  the  protection  afforded  by  formation  of  ZrC>2  (or  HfOg)  and 
Si02  is  eliminated  and  oxidation  rates  which  are  characteristic  of  graphite 
are  encountered. 

Failure  limits  for  the  coated  refractory  metals  WSS^/W 
(G-18)  and  Sn-A./Ta-10W(G- 19)  have  been  established  in  general  agree¬ 
ment  with  furnace  tests.  Maximum  survival  conditions  for  WSi2/W(G-18) 
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are  450  BTU/ft^sec  and  3100  BTU/lb  at  Pe  =  1  atm.  At  lower  pressures, 
failure  was  observed  at  458  BTU/ft^sec  and  11,420  BTU/lb.  Coating 
failure  conditions  were  established  for  Sn-Ai/Ta-  10W(G-  1 9)  at  lower  Hun 
and  enthalpy  levels.  Modest  temperature  gradients  were  measured 
through  WSi^/W^G- 18)  arc  plasma  test  samples. 

Current  results  for  W+Zr+Cu(G-20)  indicate  relatively  good 
resistance  to  oxidation  at  10,000  BTU/lb  and  500  BTU/ft^sec  at  0.  100  atm. 
However,  at  1  atmosphere  stagnation  pressure,  very  rapid  degradation  was 
observed  at  much  lower  flux  and  enthalpy  levels.  This  behavior  indicates 
that  the  mechanism  of  degradation  is  sensitive  to  pressure  in  the  0.1- 1.0 
atmosphere  range.  The  precise  nature  of  the  degradation  mechanism 
which  is  operative  is  not  clear  at  present.  The  results  obtained  for  W+Ag 
(G-21)  in  the  Model  500  tests  at  stagnation  pressures  of  one  atmosphere 
were  comparable  to  the  results  for  (G-20). 

The  silica -tungsten  composites  SiC>2+68.5  w/o  W(H-22)  and 
SiC>2+60  w/o  W(H-23)  exhibited  similar  recession  behavior  in  the  one  at¬ 
mosphere  HG/CW  arc  plasma  tests  as  encountered  in  the  CG/HW  furnace 
tests.  At  low  pressures,  higher  recession  rates  were  observed  due  to 
instability  of  Si02  relative  to  SiO,  At  temperatures  above  4000°F,  exten¬ 
sive  flow  of  this  composite  was  observed,  in  agreement  with  the  furnace 
test  findings.  Samples  exposed  at  one  atmosphere  showed  sting  hole 
cracking. 

Arc  plasma  exposures  of  Hf-20Ta-2Mo(I-23)  exhibited  lower 
oxidation  rates  than  in  the  CG/HW  tests  at  comparable  surface  tempera¬ 
tures.  In  addition,  several  samples  with  indicated  surface  temperatures 
in  excess  of  the  melting  point  of  the  alloy  did  not  melt.  Current  results 
indicate  that  gradients  of  1500°F  can  exist  through  100  mils  of  alloy  and 
oxide.  This  behavior  is  the  basis  for  the  surface  temperature  in  the  4000°- 
5000°F  range  which  were  not  accompanied  by  melting  of  the  alloy. 

Hf-Ta-Mo(I-23)  was  exposed  to  seven  cyclic  exposures  at  a 
stagnation  pressure  of  1.05  atmospheres,  a  stagnation  enthalpy  of  3300 
BTU/lb  and  a  cold  wall  heat  flux  of  410  BTU/ft  2sec.  The  observed  sur¬ 
face  temperature  was  4230°F  and  a  recession  of  138  mils  was  observed 
after  an  exposure  of  11,600  seconds  in  cycles  of  1800  second  duration. 

This  behavior  is  not  quite  as  good  as  that  exhibited  by  ZrB2+20%SiC(A-8) 
or  ZrBo+SiC+C(A- 10)  which  were  exposed  under  more  severe  conditions  than 
(I-23)-2T7M  and  exhibited  less  recession.  Nevertheless,  Hf-20Ta-2Mo 
(1-23)  ismetallic  and  as  such  offers  advantages  as  regards  fabricability 
and  resistance  to  thermal  stress.  On  the  other  hand  (A-8)  and  (A- 10) 
possess  higher  strength  and  more  temperature  capability  than  (1-23),  Hf- 
20Ta-2Mo(I-23)was also  exposed  to  a  4  cycle  exposure  at  a  stagnation  pres¬ 
sure  of  0. 132  atm,  an  enthalpy  of  7600  BTU/lb  and  a  cold  wall  heat  flux  of 
398  BTU/ft^sec.  Total  exposure  time  was  7220  seconds  yielding  a  reces¬ 
sion  of  55  mils.  As  indicated  above,  boride  composites  exposed  to  more 
severe  conditions  in  the  ROVERS  facility  exhibited  less  recession.  How¬ 
ever,  the  behavior  of  Hf-Ta~Mo(I-23)-38R  is  outstanding  for  a  metallic 
structure. 
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Present  results  for  Ir/C(I-24)  are  in  general  agreement  with 
the  CG/HW  tests,  which  showed  that  iridium  exhibits  very  low  oxidation 
rates  up  to  its  melting  temperature  at  4430°F.  The  temperature  of  the 
iridium-carbon  eutectic  is  4175°F.  Samples  exposed  to  higher  conditions 
exhibited  melting  of  the  coating  and  ablation  of  the  graphite.  The  major 
drawback  of  this  coating  system  is  the  low  emittance  of  the  iridium 
(s  =0.30).  However,  addition  of  HfO^  raised  the  emittance  to  values 
near  0.50  and  extended  the  range  of  conditions  under  which  the  coating 
can  be  used.  Thus,  the  pure  coating  is  destroyed  at  flux  levels  in  ex¬ 
cess  of  310  BTU/ft^sec.  At  flux  levels  below  300  BTU/ft^sec  the  coat¬ 
ing  is  hardly  affected;  however,  at  higher  levels,  melting  followed  by 
rapid  ablation  occurs.  In  contrast,  when  Hf02  is  added  to  increase  the 
emittance,  failure  does  not  occur  until  the  flux  level  reaches  510  BTU/ 
ft^sec.  Thus,  although  Ir/C(I-24)  has  excellent  temperature  capability 
to  temperatures  near  4200°F,  it  has  very  low  resistance  to  stream  con¬ 
ditions.  Infact ifheat  flux/ enthalpy  characteristics  are  used  as  a  yard¬ 
stick,  Ir/C(I-24)  ranks  below  gi/RVC(B-8),  even  though  the  latter  has 
a  temperature  limit  near  3200°F. 

Temperature  gradients  have  been  measured  through  100  and 
400  mil  walls  of  ZrB2(A-3),  HfB2  ]+20%SiC(A-7),  ZrB2+20%SiC(A-8) , 
ZrB2+SiC+C( A- 1 0) ,  RVA(B-5),  W§i2/W{G-18)  and  Hf-20Ta-2Mo{I-23). 
Calculations  of  the  temperature  gradients  through  the  test  cylinders 
described  have  been  presented.  These  calculations  are  based  on  side 
losses  due  to  radiation  and  conduction  down  the  length  of  the  model  but 
no  heat  loss  via  conduction.  In  general,  relatively  good  agreement  be¬ 
tween  observed  and  calculated  temperature  gradients  has  been  obtained 
in  view  of  the  simple  model  employed. 

Measurements  of  total  normal  emittance  have  been  provided 
for  all  of  the  candidate  materials  based  on  radiated  heat  flux  observa¬ 
tions  during  HG/CW  exposures.  Averaged  values  obtained  for  solid  ox¬ 
ides  formed  during  exposure  are  higher  than  normal  emittance  values 
observed  for  melting  surfaces.  Comparison  of  calculated  surface  tem¬ 
peratures  based  on  stream  conditions  with  those  observed  yields  rela¬ 
tively  good  results.  However,  systematic  differences  worthy  of  note 
have  been  observed.  Calculated  temperatures  are  quite  close  to  those 
observed  when  melting  occurs,  but  when  solid  coatings  are  present,  actual 
temperatures  are  below  values  computed  from  stream  conditions  and  the 
assumption  of  radiation  equilibrium.  Moreover,  materials  containing 
silicon  carbide  achieve  lower  surface  temperatures  during  exposure  than 
predicted  on  the  basis  of  stream  conditions.  As  a  consequence,  the  over¬ 
all  behavior  of  these  materials  under  HG/CW  conditions  appears  to  be 
better  than  under  CG/HW  furnace  test  conditions. 

The  present  results  illustrate  the  difference  between  solid 
oxide  formers  and  graphites.  The  latter  group  exhibit  increasing  oxi¬ 
dation  rates  with  increasing  pressure  while  the  former  show  little  pres¬ 
sure  effect.  When  the  solid  oxide  formers  are  exposed  to  stream  condi¬ 
tions  at  one  atm,  which  result  in  surface  temperatures  below  their 
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melting  points,  they  exhibit  recession  rates  100  to  1000  times  less  than 
graphites  do  under  comparable  conditions.  Coated  metals  and  silicon 
carbide  degrade  at  temperatures  comparable  to  those  observed  in  CG/HW 
furnace  tests.  These  limits  are  due  to  melting  or  rapid  vaporization. 
However,  at  a  given  surface  temperature,  the  solid  oxide  formers  ex¬ 
hibit  much  lower  recession  rates  under  HG/CW  arc  plasma  test  condi¬ 
tions  than  in  a  CG/HW  air  oxidation  furnace  test.  This  may  be  due  to 
large  temperature  gradients  across  the  oxide  which  occur  in  the  HG/CW 
arc  plasma  teats  than  in  the  CG/HW  furnace  tests  due  to  artificial  oxy¬ 
gen  supply  limits  imposed  by  the  air  flow  limitations  of  the  latter  tests. 

Ten  Megawatt  Arc  exposures  of  1/2"  diameter  and  7/8" 
diameter  cylinders  of  diboride  materials  have  been  employed  in  splash 
tests  to  establish  thermal  shock  thresholds  at  stagnation  pressures  of 
4.3  atm  under  Mach  2  flow  conditions.  The  best  results  were  obtained 
with  H£B2+SiC(A-4)  and  (A-7),  which  survived  fluxes  at  950  BTU/£t2sec 
and  790  BTU/ft^sec  at  1/2"  and  7/8"  diameters  respectively.  Failures 
were  noted  at  970  BTU/ft^sec  and  840  BTU/ft^sec  for  the  1/2"  and  7/8" 
diameter  cylinders.  A  limited  number  of  ten  megawatt  arc  pipe  tests 
were  conducted  in  order  to  evaluate  the  combined  effects  of  exposure  to 
heat  flux  and  high  shear.  Unfortunately  one  design  aspect  of  the  test 
generated  a  substantial  thermal  stress  condition  which  caused  this  fail¬ 
ure  mode  to  dominate.  Si/RVC(B-8)  was  found  to  be  more  thermal 
stress  resistant  than  boride  composites  while  ZrB2+SiC+C(A-10) 
proved  most  thermal  stress  resistant  of  all  of  the  boride  composites 
exposed  in  the  pipe  tests. 

Sixteen  samples  were  exposed  to  Mach  6  tests  in  the  Cornell 
Aeronautical  Laboratory  Wave  Superheater  Tunnel,  including  HfB i  l, 
ZrB2,  HfB2+SiC,  RVA,  PG,  BPG,  JTA,  KT-SiC,  JT0992,  JT0981,’W, 
Sn-Al/Ta-lOW  and  Hf-20Ta-2Mo,  Stagnation  pressure  and  enthalpy  levels 
of  one  atmosphere  and  2200  BTU/lb  at  a  cold  wall  heat  flux  level  of  600 
BTU/ft^sec  were  applied  to  one  half  inch  hemispherical  cap  specimens. 
Total  exposure  time  was  15  seconds.  Radiometer  measurements  of  sur¬ 
face  temperature  indicated  that  the  heat  up  time  was  much  shorter  than 
calculated,  but  surface  temperature  levels  achieved  compared 
reasonably  with  computed  levels  near  4000°F.  In  contrast,  a  one  inch 
hemispherical  cap  H£-20Ta-2Mo  alloy  showed  evidence  for  melting  (melt¬ 
ing  temperature,  3850°F)  while  a  one  half  inch  diameter  cap  of  the  same 
material  showed  no  signs  of  melting  and  little  oxidation. 
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H. 


RESULTS  OF  HG/CW  ARC  PLASMA  TESTING  IN  THE  AVCO 

M.ODE!.  AKtt  ROVERS  FACILITIES - 


A.  Introduction 

More  than  700  arc  plasma  exposures  (HG/CW)  have  been 
performed  in  the  Avco-SSD  Model  500  and  ROVERS  (Radiation  Orbital 
Vehicle  Re-entry  Simulator)  in  air  between  Mach  0. 1  and  3,2.  Almost 
all  of  the  candidate  materials  listed  in  Table  1  were  tested.  Detailed 
descriptions  of  the  testing  facilities  and  techniques  employed  are  given 
in  Part  II- Volume  III  of  this  series  (  3  ).  Stagnation  pressures  and 
enthalpies  ranged  between  0.01  and  1  atmosphere  and  1,000  to  16,000 
BTU/lb,  respectively.  Cold  wall  heat  fluxes  between  35  and  1200  BTU/ 
ft^sec  were  employed  for  times  up  to  1800  seconds  per  test  with  aggre¬ 
gate  times  of  up  to  23,400  seconds  per  sample  for  those  undergoing 
multiple  exposure  tests.  Surface  temperatures  ranging  between  1700 
and  7000°F  were  generated  and  radiated  heat  flux  measurements  were 
performed  in  order  to  obtain  estimates  of  normal  total  emittance  for 
the  candidate  materials.  Post-mortem  metallographic  and  x-ray  studies 
have  been  employed  to  characterize  material  behavior.  The  HG/CW 
arc  plasma  exposures  are  compared  with  CG/HW  air  oxidation  test 
results  reported  in  Part  III- Volume  1  of  this  series  (  4).  The  results 
of  temperature  gradient  measurements  through  oxideTITms  formed  during 
exposure  are  presented  for  flat-faced,  hemispherical  tipped  and  shrouded 
samples  of  several  of  the  candidate  materials.  These  results  are  compared 
with  theoretical  calculations  based  on  stream  conditions  and  material 
properties.  A  theoretical  correlation  of  material  performance  with  stream 
conditions  is  presented  in  Part  IV-Volume  I  of  this  series  (_7_). 

B,  Presentation  of  Arc  Plasma  Test  Conditions  and  Results 


The  test  conditions  and  results  are  presented  in  Tables  2-39. 
A  description  of  the  facilities  and  techniques  for  performing  measurements 
of  stream  conditions  and  sample  temperatures  is  presented  elsewhere  (  3  ). 
The  tabulated  information  presented  for  each  exposure  includes  the  Mach 
number,  stagnation  pressure,  P_,  stagnation  enthalpy,  ie,  initial  dia¬ 
meter  of  the  samples,  cold  wall  heat  flux,  q~w*  an<^  observed  sur¬ 
face  temperature.  The  latter  values  were  obtained  by  employing  the 
emittance  values  for  V  =  0.65p  which  are  contained  in  Tables  2-39  for 
each  material.  It  should  be  noted  that  employing  a  constant  value  of 
emittance  at  X  =  0,65|i  for  the  wide  range  of  temperatures  and  pressures 
encountered  in  the  present  tests  represents  an  over- simplification.  How¬ 
ever,  the  current  values  are  employed  as  a  first  approximation  to  the 
problem  at  hand. 

In  addition  to  the  foregoing,  Tables  2-39  contain  measure¬ 
ments  of  the  surface  radiation,  qr>  and  the  total  normal  emittance,  e^j, 
computed  on  the  basis  of  Eq.  (1): 


«N  =  qr(BTU/ftZsec)  (0.47)"1  (T0R/lOOO)'4 


(1) 
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Measurements  of  surface  radiation  emitted  from  samples 
having  l/2  inch  diameter  faces  requires  special  alignment  of  the  optical 
system.  Initial  measurements  in  the  ROVERS  facility  were  performed 
with  an  optical  system  which  was  designed  for  measuring  surface  radia¬ 
tion  from  3/4  inch  diameter  models.  These  measurements  are  expected 
to  be  lower  than  values  obtained  with  an  optical  system  specifically  de¬ 
signed  to  measure  radiation  from  l/2  inch  diameter  samples.  This 
system  was  employed  for  all  measurements.  In  addition,  comparison 
of  test  data  obtained  with  l/2  inch  and  3/4  inch  diameter  samples  has 
been  performed  and  will  be  discussed  below. 

It  should  be  pointed  out  that  measurement  of  the  surface 
brightness  temperature  carried  out  in  the  ROVERS  facility  is  converted 
to  true  temperature  by  employing  the  emittance  at  0.65p  and  a  trans¬ 
missivity  factor  to  correct  for  the  window  material.  The  correction 
factor  is  the  product  of  the  surface  emittance  and  the  transmissivity 
factor  of  the  window,  A  transmissivity  factor  of  0.86  was  used  for  the 
sapphire  windows  employed. 

In  addition  to  the  foregoing  set  of  "stream  conditions"  and 
surface  radiation  and  temperature  data.  Tables  2-39  contain  data  on 
initial  and  final  lengths,  exposure  time  and  recession  rates  for  each 
sample.  Also  included  are  ratios  of  the  calculated  surface  temperature, 
Tcalc  and  tlie  observed  surface  temperature,  TqbS»  wbich  are  based 
on  radiation  equilibrium  as  indicated  by  Eq.  (2): 

»• <TCALCOR,1000!4=he  (i.  *  V  lTCALC-  >  '2> 

where  he  is  the  heat  transfer  coefficient,  «  is  the  total  normal  emittance, 
and  iwt^CALC'^e]  (BTU/lb)  is  the  enthalpy  of  air  at  TqalC  anc*  ^e  (  6  ). 

I21  the  first  order  calculations  presented  in  Tables  2-39,  the  normal 
total  emittance,  «*j,  is  assumed  to  be  equal  to  the  emittance  at  V  =  0.65p. 
Thus,  these  calculations  ignore  the  measured  qr  and  normal  emittance 
values.  Part  IV-Volume  I  of  the  present  series  (  6  )  repeats  the  calculation 
including  the  measured  emittance.  The  first  order  calculations  are  pre¬ 
sented  for  comparison  with  results  obtained  earlier.  Finally,  the  heat 
transfer  coefficient,  he,  inEq.  (2)  is  calculated  in  two  ways.  The  cold  wall 
heat  transfer  coefficient  is  defined  by  Eq.  (3)  as: 


h  =  q  /i 
e  w  e 


(3) 


while  the  Fay- Riddell  heat  transfer  coefficient  is  given  by  Eq.  (4)  (  6  ),  as: 

h  =  0.0386  (1  +  0.17M'1)”1  (24  P  /D)1^2  lbs/ft2sec  (4) 
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where  M  is  the  Mach  No. ,  and  D  is  the  diameter  of  a  hemispherical  tipped 
cylinder  in  inches.  For  flat  faced  samples  an  effective  diameter  was  used, 
where  (6) 


D  ,,  =  2.5D  , 

eff  cylinder 


(5) 


Evaluation  of  the  sample  recession  was  performed  by  measur¬ 
ing  the  overall  length  of  the  test  cylinders  as  well  as  the  depth  of  the  sting 
hole  drilled  in  the  back.  The  difference  if  the  thickness.  Measurement  of 
the  thickness  after  exposure  is  carried  out  by  sectioning  the  sample  and 
metallographic  analysis.  This  procedure  is  preferable  to  measurements 
of  the  overall  length  before  and  after  test.  The  latter  are  also  made  and 
are  presented  in  Tables  2-39  for  reference.  Initially,  measurements  of 
the  sting  hole  depth  were  not  performed  and  final  dimensions  were  ob¬ 
tained  by  sectioning  the  exposed  cylinders  and  comparing  the  overall  length 
of  the  sectioned  sample  with  the  initial  length.  As  a  consequence,  some  of 
the  materials  contained  in  Tables  2-39  show  identical  values  of  initial  length 
and  thickness*. 


Figures  1-8  show  the  results  graphically  as  compared  with  the 
behavior  in  furnace  tests,  while  Figures  9-301  show  post  exposure  photo¬ 
graphs  of  the  samples  tested  as  well  as  typical  photomicrographs. 

l« 

The  results  obtained  for  HfBj.  l(A-2)  are  contained  in 
Table  2  and  compared  in  Figure  1  with  the  results  of  CG/HW  furnace  tests 
in  air  at  a  flow  rate  of  1  ft/ sec  (4).  The  melting  point  of  this  material 
shown  in  Figure  1  is  based  on  the  work  of  E.  Rudy  (7).  Figures  9-11  show 
post  exposure  macrographs  of  all  of  the  samples  after  test.  As  indicated 
above,  all  of  the  samples  were  sectioned  after  exposure  and  examined 
metaliographically.  Typical  sections  are  shown  in  Figures  12-23  illustra¬ 
ting  the  most  severe  test  where  minimal  recession  occurred  (Figures  12- 
15)  and  the  least  severe  test  where  rapid  recession  occurred  (Figures  16- 
19)  in  the  Model  500.  Similarly  Figures  20-23  show  maximum  "survival" 
and  minimum  "failure"  conditions  in  the  ROVERS  sure.  Figures  16,  17, 

22  and  23  (when  compared  with  the  microstructural  features  of  virgin 
material  (1))  show  that  rapid  recession  coincides  with  melting  of  the  boride. 
This  conclusion  is  reinforced  by  Figure  1  where  the  measured  recession 
results  at  high  temperatures  are  compared  with  the  published  melting  point 

(I). 


Tests  where  changes  occurred  due  to  arc  or  sample  conditions  are  denoted 
by  A  and  B.  Thus,  in  Table  2,  HfB2,  i(A-2) -18MA  refers  to  melting  at  the 
beginning  of  the  exposure,  while  (A-2)-18MB  refers  to  the  behavior  after 
melting  ceased.  Multiple  exposures  such  as  HfB2,l+20  v/o  SiC(A-7)-23M 
in  Table  6  are  denoted  by  roman  numerals  I,  n,  etc.  Finally,  hemispheri¬ 
cal  capped  cylinders  and  shrouded  samples  are  denoted  by  MH  and  MS  as 
shown  iu  Table  6  for  tests  HfB2.  i  +  20  v/o  SiG(A-7) -36MH  and  44MS. 
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Figures  24-27  illustrate  tne  excellent  oxidation  resist¬ 
ance  of  H£B^  ^(A-2)  at  temperatures  in  the  4500°F  range.  Although  the 
mechanical  integrity  of  the  (A-2)  samples  was  poor  (see  Section  IV.  G  and 
Table  16  of  Reference  (1 )  for  details)  no  thermal  stress  failures  were 
noted  below  a  heat  flux  of  770  BTU/ft^sec.  In  particular  dye  penetrant 
tests  of  sample  (A-2)-8R  exhibited  a  band  of  high  porosity  near  the  center 
while  sample  (A-2)-9R  was  sound.  At  a  heat  flux  of  772  BTU/ft^sec,  the 
former  exhibited  thermal  shock  failure  while  the  latter  did  not.  As  indi¬ 
cated  in  Section  II,  B -4,  6  and  7,  addition  of  silicon  carbide  materially 
improved  the  mechanical  integrity  and  increased  the  resistance  to  thermal 
stress  failures.  This  finding  has  been  extensively  documented  in  a  com¬ 
panion  study  of  fabrication  characteristics  and  mechanical,  thermal  and 
physical  properties  (£,_14)«  Tim  most  striking  feature  of  the  present  result 
for  H£B2_i(A-2)  in  the  HG/CW  tests  is  the  difference  between  the  reces¬ 
sion  rate’s  encountered  at  a  given  surface  temperature  in  these  exposures 
and  those  observed  at  the  same  surface  temperature  in  furnace  tests  (4). 
This  difference  is  shown  in  Figure  1  which  indicates  that  an  oxidation 
depth  of  20  mils  in  30  minutes  is  obtained  in  an  arc  plasma  test  at  5000°F 
while  the  same  oxidation  depth  can  be  produced  at  3500°F  in  a  furnace 
test.  Alternatively  a  100  mil  oxidation  depth  is  observed  in  a  furnace  test 
at  4000°F  after  30  minutes  while  comparable  oxidation  depths  are  not  ob¬ 
tained  in  arc  plasma  tests  below  5500°F.  The  source  of  this  difference  is 
the  temperature  gradient  through  the  oxide  as  indicated  in  Section  I.  B. 
Reference  to  Figure  1  also  indicates  no  significant  effect  of  oxygen  pres¬ 
sure  on  the  oxidation  rate  of  this  material  in  the  pressure  range  between 
0.002  and  1.0  atmospheres  (air).  This  finding  is  in  keeping  with  previous 
results  (15,16). 


Table  2  shows  the  results  of  several  test  samples  (A-2)- 
16M,  17M  and  18M  which  were  preoxidized  at  1930°C  (3500°F)  for  ten  min¬ 
utes  to  form  a  10  mil  oxide  (4)  and  subsequently  exposed  under  marginal 
survival  conditions.  These  tests  were  performed  to  ascertain  whether  a 
high  normal  emittance  coating  (oxide  =  0.  50,  bare  boride  =  0.40)  could 
extend  the  operating  range.  Comparison  of  (A-2)-16M  with  (A-2)-lM  and 
(A-2)-4M  indicates  little  or  no  improvement.  In  addition,  cyclic  exposure 
of  (A-2J-13M,  14M  and  15M  to  three  cycles  which  were  each  of  600  second 
duration  (interrupted  by  cooling  to  room  temperature)  produced  no  acceler¬ 
ated  oxidation  over  uninterrupted  1800  second  tests  (i,  e. ,  see  (A-2)~1M)). 

2.  ZrB2(A-3) 

Table  3  summarizes  the  results  obtained  for  ZrB2(A-3). 
As  before,  Figures  28  and 29  show  post  exposure  photographs  of  all  samples, 
while  Figures  30-39  illustrate  "maximum  severity  survivals"  and  "mini¬ 
mum  failures"  in  the  Model  500  and  ROVERS.  The  melting  point  (7)  shown 
in  Figure  1  as  well  as  Figures  32,  33,  37  and  38  indicate  that  melting  of 
the  boride  is  the  cause  of  rapid  recession.  The  excellent  long  time  oxida¬ 
tion  resistance  of  this  material  at  4000°F  is  illustrated  in  Figures  40  and 
41.  Graphical  comparison  of  CG/HW  furnace  test  data  (4)  with  the  current 
results  in  Figure  1  shows  evidence  for  temperature  gradients  and  the 
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"minimimum  oxide  temperature  limit  criterion"  discussed  in  Section  I.B. 
Tests  (A-3)4MC,  2MC,  3MC  and  4MG  were  designed  to  measure  the  tem¬ 
perature  gradients  through  100  mil  wall  thicknesses  of  oxide  and  boride. 
Thus,  reference  to  Table  3  shows  that  no3e  thicknesses  of  104,  101,  102 
and  104  mils  were  machined  in  samples  (A-3)-lMC,  2MC,  3MC  and  4MC. 
In-depth  temperature  measurements  were  performed  at  these  stations 
along  the  lines  previously  indicated  (3).  Figure  42  shows  post  exposure 
photographs  of  all  these  "in-depth  temperature"  tests,  while  Figure  43 
shows  a  section  through  (A-3)-2MC  which  exhibited  a  1500°F  temperature 
gradient.  Reference  to  Table  3  and  Figure  43  shows  that  the  final  boride 
thickness  was  87  mils.  The  time -temperature  history  at  the  "in-depth" 
station  is  documented  in  Table  40.  This  illustrates  the  long  time  stability 
of  this  effect  which  will  be  discussed  in  further  detail  in  Section  H.  C. 

Figure  43  also  shows  the  tungsten  sting  in  place.  Close  examination  il¬ 
lustrates  the  small  contact  area  between  sting  and  sample  designed  to 
minimize  heat  transfer  by  conduction.  In  view  of  the  9:1  length/diameter 
ratio  of  the  "sighting  hole"  the  "blackbody"  assumption  of  Table  40  is 
justified.  Additional  experimental  justification  is  presented  in  Section  II.  C. 
Comparison  of  the  observed  temperature  gradients  with  calculations  based 
on  a  simple  one  dimensional  model  which  allows  for  side  losses  due  to 
radiation  (6)  yields  good  agreement  with  observations.  For  the  case  of 
( A-3) -2MCT shown  in  Figure  43  the  computed  surface  and  internal  temper¬ 
atures  were  4170°F  (4470°F  observed)  and  2910°F  (2930°F  observed), 
respectively. 


Cyclic  exposures  of  ZrB2(A-3)-52M,  53M  and  54M 
were  performed  along  the  lines  previously  indicated  for  HfB2,  ).(A-2)  to 
assess  the  effects  of  heating  and  cooling  in  three-600  second  cycles.  The  results 
showed  that  at  the  lowest  level  ZrB2(A-3)  exhibited  a  recession  equivalent 
to  that  observed  in  an  1800  second  test.  At  higher  levels  ZrB2(A-3)  ex¬ 
hibited  larger  recessions  for  cyclic  exposures  than  in  the  case  of  un¬ 
interrupted  1800  second  tests.  By  contrast,  the  cyclic  tests  performed  on 
HfB2  did  not  result  in  larger  recessions  than  the  uninterrupted  tests.  The 
motion  picture  coverage  indicated  that  the  oxide  formed  on  HfB2,  i(A-2) 
exhibited  greater  tenacity  under  these  conditions  than  did  the  oxide  formed 
on  ZrB2(A-3).  The  latter  flaked  off  between  cycles.  As  indicated  in 
Section  II.  B.  1,  preoxidation  of  HfB2(A-2)  to  form  a  10  mil  coating  did  not 
result  in  noticeable  changes  in  behavior. 

Reference  to  Table  3  shows  that  the  ZrB2(A-3)  material 
employed  in  these  tests  did  not  exhibit  any  thermal  stress  failures  at  flux 
levels  as  high  at  950  BTU/ft^sec,  In  contrast  to  the  HfB2.  i(A-2)  material 
discussed  in  Section  II.  B.  1,  the  (A-3)  material  was  mechanically  sound  and 
did  not  exhibit  the  flaws  shown  by  the  (A-2)  in  the  nondestructive  tests  prior 
to  exposure  (see  Sections  IV.B,C  and  Tables  15,  16  of  Reference  1). 

3.  HfBa  +  SiC(A-4) 

Table  4  contains  the  results  obtained  for  HfB2+SiC(A~4) 
which  has  the  same  composition  as  HfB2+SiC(A-7)  ( 1 )  but  was  prepared  by 
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an  alternate  supplier  (Table  1).  Post  exposure  photographs  of  all  test 
samples  are  shown  in  Figures  44  and  45.  Figure  2  compares  the  fur¬ 
nace  tests  results  (4)  with  the  current  HG/CW  arc  plasma  data.  Met- 
allographic  sections  of  "maximum  severity  survivals"  and  "minimum 
failure"  tests  in  the  Model  500  and  ROVERS  are  shown  in  Figures  46- 
53.  Figures  47,  52  and  53  show  the  "silicon  carbide  depletion  zone" 
which  is  observed  (4)  when  this  composite  is  exposed  to  oxidizing  en¬ 
vironments  at  high  temperature.  The  depletion  depths  for  various 
exposures  of  (A-4)  are  shown  in  Table  15  and  displayed  in  Figure  1. 

Thus,  a  ten  mil  depletion  depth  was  observed  in  HfB2+SiC(A-4)  -2M 
(Figure  47)  after  30  minutes  in  an  arc  plasma  test  where  the  surface 
temperature  was  5020°F.  By  contrast  Figure  1  of  Reference  (4)  shows 
that  a  ten  mil  depletion  depth  is  attained  in  30  minutes  near  35CR)°F  in 
a  CG/HW  furnace  test.  Although  these  observations  suggest  the  exist¬ 
ence  of  temperature  gradients  in  the  boride- silicon  carbide  composites, 
the  difference  between  the  arc  plasma  and  furnace  oxidation  depths  are 
small  (Figure  2).  This  finding  is  in  contrast  to  the  results  obtained  for 
HfB2,i(A-2)  and  ZrBg(A-3)  shown  in  Figure  1.  This  subject  will  be 
discussed  in  greater  detail  in  Sections  II.B-5,  II.B-7  and  II.  C.  The 
adherent  oxide  which  forms  on  this  composite  is  shown  clearly  in 
Figures  47  and  53.  Figures  54-57  show  the  low  recessions  observed 
after  exposures  in  the  3500°-4500°F  temperature  range.  Reference  to 
Table  4  shows  that  no  thermal  shock  failures  were  noted  at  the  highest 
flux  levels  employed  in  these  tests  (1000  BTU/ft^sec). 

As  indicated  above  (Section  II.  B)  radiation  equilibrium 
calculations  were  performed  for  each  exposure  to  compare  observed 
and  computed  temperatures  as  a  general  check  on  the  internal  consistency 
of  the  data.  An  extensive  comparison  of  the  data  collected  in  the  present 
study  with  the  results  obtained  in  other  investigations  is  presented  in 
Reference  (6).  Although  the  significance  of  these  comparisons  in  terms 
of  the  ratio"T(CALC)/T(OBS)  will  be  discussed  in  some  detail  below  (Sec¬ 
tion  II.  D)  it  is  worth  noting  at  this  point  that  the  average  values  of  this 
ratio  (for  cases  where  melting  does  not  occur)  for  (A-2),  (A-3)  and  (A-4) 
are  1. 16,1. 09  and  1.22,  respectively.  The  significance  of  this  result  will 
become  evident  if  one  considers  that  on  the  average,  the  observed  temper¬ 
ature  was  16%  lower  than  expected  for  (A-2),  9%  lower  than  expected  for 
(A-3)  and  22%  lower  than  expected  (based  on  radiation  equilibrium)  for 
(A-4). 


4.  Boride  Z  (A-5) 

Table  5  and  Figures  1  and  58  show  the  results  obtained 
for  Boride  Z(A-5).  Samples  Boride  Z(A-5)-2M,  5M,  6M,  7R,  8R  and  12R 
all  showed  thermal  shock  behavior.  All  of  the  remaining  samples  except 
9R  were  observed  to  containlarge cracks  after  sectioning.  Samples  Boride 
Z(A-5)-7R  and  8R  cracked  after  the  exposures  were  completed.  Consequently, 
the  current  results  indicate  that  Boride  Z(A-5)isvery  susceptible  to  thermal 
shock  failure.  Figures  59a  and  59b  show  Boride  Z(A-5)-4M  and  8R  which 
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exhibit  thermal  shock  cracks  after  exposure  at  348  ETU/ft^sec  and  3215 
BTU/lb  and  262  BTU/ft^sec  and  9200  BTU/lb,  respectively.  Thus,  flux 
levels  above  200-250  BTU/ft^sec  appear  to  result  in  thermal  shock  fail¬ 
ures  of  Boride  Z.  By  contrast  ZrB2(A-3)  discussed  in  Section  II. B.  2 
and  ZrB2+SiC(A-8)  to  be  discussed  in  Section  H.B.6  did  not  exhibit 
thermal  shock  failures  at  these  levels. 

5.  HfB?,  +  20%SiC(A-7) 

Tables  6,  7,  8  and  15  summarize  the  results  observed 
for  HfB2+20%SiC( A-7) .  As  indicated  earlier,  this  material  has  the  same 
composition  as  (A-4).  This  composite  was  exposed  to  extensive  evalua¬ 
tion  since  it  exhibited  the  most  outstanding  high  temperature-long  time 
oxidation  resistance.  Exposure  (A-7)-28R  details  the  23,400  second 
exposure  noted  in  Section  IB.  As  indicated  earlier,  multiple  exposures 
are  denoted  by  roman  numerals,  i.  e. ,  (A-7)-24MI,  24MII,  24MIII,  24MIV. 
Hemispherical  capped  samples  and  shrouded  samples  are  designated  by 
the  suffix  H  and  S  respectively  as  can  be  seen  by  comparing  the  tables 
with  Figures  60-62,  The  latter  illustrate  all  of  the  samples  after  expo¬ 
sure.  Thus,  (A-7)-45MS  is  shown  in  Figure  60  (sample  45M)  to  consist 
of  the  (A-7)  cylinder  with  a  437  mil  diameter  in  a  875  mil  shroud.  The 
shroud  material  was  ZrB2+SiC+C(A-10).  This  material  was  employed 
because  it  is  machinable  and  quite  oxidation  resistant.  Reference  to 
Figure  60  shows  qualitatively  that  (A-7)  is  more  resistant  to  oxidation 
than(A-lO),  Figure  61  shows  the  hemispherical  samples  (A-7)-36MH, 
37MH,  38RH,  39RH,  48RH  and  50RH,  Finally  a  few  of  the  hemispherical 
samples  were  shrouded  in  order  to  evaluate  the  effect  of  such  shrouds  on 
internal  temperature  distributions.  Samples  49RHS  and  51RHS  shown  in 
Figure  61  are  examples  of  this  configuration.  Little  effect  was  noted  due 
to  shrouding  of  hemispherical  models.  However,  hemispherical  models 
and  shrouded  flat  faced  models  resulted  in  lower  temperature  levels. 

This  aspect  of  the  testing  program  will  be  discussed  later. 

Finally  samples  (A-7)-38RH  and  (A-7)-46RS  were  run 
twice.  The  second  exposures  are  denoted  as  (A-7)-38RR  and  (A-7)-46RR. 
Sample  (A-7)-39RH  was  run  three  times  with  the  second  and  third  expo¬ 
sures  designated  as  (A-7)-39RRI  and  (A-7) -39RRII. 

Figures  63-70  show  the  "maximum  severity  survival" 
and  "minimum  failure"  conditions  in  the  Model  500  and  ROVERS  facility. 

As  in  the  case  of  HfB2,  l(A-2)  and  ZrB2(A-3),  rapid  recession  appears  to 
result  from  melting.  However,  since  the  composite  does  not  melt  as 
sharply  as  the  pure  diboride,  the  transition  in  Figure  2  is  not  very  sharp. 
The  temperature  limit  appears  to  be  5000°F,  Figures  71  and  72  show 
metallographic  sections  of  (A-7) -28R  exposed  for  thirteen  cycles  (each  of 
1800  second  duration)  ql  a  stagnation  pressure  of  0.07  atm,  an  average 
heat  flux  of  495  BTU/ft^sec;  and  an  enthalpy  near  10,  300  BTU/lb.  Refer¬ 
ence  to  Table  7  shows  that  the  temperature  increased  progressively  during 
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Llic  fix- si.  four  cycles  even  though  the  stream  conditions  were  constant. 
Cycle  number  five  exhibited  a  large  temperature  increase  which  was 
maintained  through  the  remaining  eight  exposures.  This  behavior  is 
characteristic  of  all  of  the  multicycle  exposures  of  boride  composite 
samples.  The  difference  in  temperature  between  cycles  (A-7)-28RM 
and  (A-7)-28RV  is  real  since  it  is  reflected  in  the  measured  value  of 
radiated  flux  as  well  as  in  the  surface  temperature.  Physically,  the 
increase  in  temperature  appears  to  be  connected  with  the  presence  of 
an  oxide  over  the  entire  surface  of  the  sample.  Thus,  in  cycles  (A-7)- 
28RI  through  (A-7) -28RIII  little  or  no  oxide  is  visible  (see  Film  Des¬ 
cription)  and  the  observed  surface  temperature  and  radiated  flux  is 
low.  Similarly,  in  cycle  X  the  oxide  has  fallen  off  exposing  the  bare 
composite.  Here  again  the  surface  temperature  and  radiation  are  low. 
Apparently  then,  the  oxide  sustains  a  large  temperature  gradient  over 
a  very  small  thickness  (1500°F  over  5-10  mils  in  the  present  case). 
Reference  to  Figure  72  indicates  minimal  depletion  of  SiC.  The  deple¬ 
tion  depth  was  of  the  order  of  1-2  mils. 

Another  interesting  feature  is  the  ratio  T(CALC)/ 
T(OBS)  and  its  variation  from  one  cycle  to  the  next.  This  ratio  is  near 
1.18  when  the  oxide  is  present.  However,  when  the  bare  boride  com¬ 
posite  is  exposed,  the  ratio  is  near  1.70.  Thus,  the  boride  composite 
exhibits  surface  temperatures  which  are  much  lower  than  expected  on 
the  basis  of  radiation  equilibrium.  When  the  oxide  is  present,  calcu¬ 
lated  temperatures  are  closer  to  (but  still  15%  below)  the  observed 
values.  Although  the  cause  of  this  behavior  is  not  known  at  present 
(6)  part  of  the  difference  is  undoubtedly  due  to  conduction  losses  and 
side  radiation  (6).  Thus,  if  the  conduction  between  the  oxide  and  the 
boride  is  very  low  the  radiation  equilibrium  calculation  applies  well 
to  the  oxide  layer.  However,  when  the  bare  boride  composite  surface 
is  exposed  conduction  losses  coupled  with  side  radiation  (6)  and  other 
factors  lead  to  much  lower  surface  temperatures  than  expected. 

Apart  from  these  fine  points,  the  gross  behavior 
of  H£B2+20%SiC(A-7)-28R  is  quite  remarkable.  Table  7  and  Figure  71 
show  that  the  total  recession  after  the  thirteen  cycle  exposure  was  15 
mils.  This  behavior  is  unrivaled  by  any  other  known  material  system. 

Figures  73  and  74  show  post  exposure  sections  through 
(A-7)  -52M  after  14,  030  seconds  exposure  in  eight-1800  second  cycles  at  a 
stagnation  pressure  of  1.03  atmospheres.  The  average  cold  wall  heat  flux 
was  450  BTU/ft^sec  at  an  enthalpy  level  of  4180  BTU/lb.  Total  recession 
was  329  mils  or  about  0.33  inches.  Under  similar  conditions  graphite 
and  tungsten  would  exhibit  recessions  of  14  to  28  inches. 

Figures  75-78  show  post  exposure  metallographic 
sections  through  samples  (A-7)-37MH  and  (A-7)-39RH  which  were  em¬ 
ployed  for  in-depth  temperature  measurements.  Table  41  shows  the 
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time  temperature  histories  of  the  internal  temperature  measurements 
which  will  be  discussed  in  Section  II.  C.  However,  several  points  are 
worth  noting  currently.  First,  the  temperature  gradients  observed  for 
(A-7)  are  not  as  large  as  those  observed  for  (A- 2).  Fart  of  the  reason 
for  this  behavior  is  believed  to  be  due  to  the  fact  that  the  oxide  which 
forms  on  (A-7)  is  much  more  adherent  than  that  which  forms  on  (A-2). 
Consequently,  this  oxide  has  a  higher  thermal  conductivity  which  re¬ 
duces  the  temperature  gradient  (6).  A.s  a  consequence,  the  difference 
between  the  recession  rates  observed  in  HG/CW  arc  plasma  tests  and 
CG/HW  furnace  tests  is  smaller  for  (A-7)  than  for  (A-2).  This  can  be 
observed  by  comparing  Figures  1  and  2. 

As  indicated  above,  (A-4)  and  (A-7)  exhibit  lower 
temperatures  than  anticipated  from  radiation  equilibrium  considerations 
(i.  e. ,  T(C2ALC)/T(OBS)  is  much  larger  than  unity).  This  conclusion 
was  derived  by  considering  flat  faced  cylinders  in  the  earlier  discussion. 
Consideration  of  the  hemispherical  capped  specimen  tests  indicates  an 
additional  lowering  of  the  surface  temperature.  Thus,  the  T(CA-LC)/T 
(OBS)  ratios  for  tests  (A-7) -38RH,  39RH,  48RH,  49RHS,  50RH  and  51RHS 
are  near  2.  0.  A  graphical  illustration  of  this  phenomena  is  afforded  by 
tests  (A-7)  -39RRI  and  39RRII  shown  at  the  end  of  Table  8.  As  indicated 
above,  these  tests  were  re-runs  of  sample  (A-7) -39RH.  The  sample  is 
shown  sectioned  after  exposure  in  Figures  77  and  78.  Here,  exposure 
at  965  BTU/ft2  sec  and  7290  BTU/lb  resulted  in  a  surface  temperature 
of  4285°F  for  the  hemispherical  model.  By  contrast,  exposure  of  a  flat 
faced  sample  (A-7)-34R  to  milder  conditions  (720  BTU/ft^sec,  8040 
BTU/lb)  resulted  in  a  surface  temperature  of  5005°F.  Moreover,  at 
791  BTU/ft^sec  and  9030  BTU/lb,  flat  faced  sample  (A.-7)-35R  reached 
5350°F  and  receded  315  mils  in  90  seconds. 

6.  ZrB2  +  20%SiG(A-8) 

Tables  9,  10,  15  and  42  and  Figures  1,  2  and  79-92 
detail  all  of  the  results  obtained  for  ZrB2+20%SiC(A-8).  This  composite 
exhibits  all  of  the  same  features  shown  by  HfB2+SiC(A-7)  although  it  is 
not  as  refractory  as  its  hafnium  base  counterpart.  However,  the  decrease 
in  temperature  resistance  is  compensated  for  by  the  reduced  density  and 
cost.  Zirconium  diboride  is  roughly  one  half  the  density  and  one  tenth  the 
price  of  hafnium  diboride.  Reference  to  Tables  9  and  10  and  the  post 
exposure  photographs  shown  in  Figures  79  and  80  indicates  that  most  of  the 
tests  were  conducted  with  flat  faced  cylinders,  A  few  tests  were  shrouded 
with  ZrB2+14%SiC+30%C(A-10).  As  in  the  case  of  (A-7),  the  ZrB2+20%SiC 
(A-8)  material  is  more  oxidation  resistant  than  (A-10)  as  indicated  by 
samples  30M  and  32R  in  Figure  80.  In  addition,  it  is  interesting  to  note  the 
results  of  (A-8)-29M  in  which  a  graphite  shroud  was  employed  (Tables  9  and 
42).  Although  the  boride  exhibited  minimal  recession  (8  mils  in  1800  seconds) 
the  graphite  shroud  which  was  one  inch  long  ablated  completely  in  500  seconds. 

Table  15  and  Figure  1  show  the  depletion  depths  for  ZrB2+ 
SiC(A-8)  as  a  function  of  temperature.  This  material  exhibited  the  lowest 


20 


depletion  rate  of  all  the  boride  composites  as  shown  in  Figure  1,  In  addi¬ 
tion,  the  depletion  rate  in  the  current  HG/CW  tests  was  much  less  than 
the  corresponding  rates  (  for  a  given  surface  temperature)  in  CG/HW  fur¬ 
nace  tests  (4).  Metallographic  sections  were  prepared  for  all  of  the  expo¬ 
sures.  Figures  83-88  show  the  "maximum  severity  survivals"  and  "mini¬ 
mum  exposure  failures"  in  the  Model  500  and  ROVERS  tests. 

Figures  89-92  illustrate  the  results  of  long  exposure 
cyclic  tests  in  the  Model  500  and  ROVERS.  Test  (A-8)-15M  shown  in 
Figures  89  and  90  was  discussed  previously  in  Section  I. B.  The  sting 
section  of  (A-8)-16R  shown  in  Figure  91  was  cracked  on  removal  from 
the  sting.  Both  tests  show  excellent  long  time  oxidation  resistance. 
Reference  to  Table  42  shows  that  temperature  gradients  through  one  hun¬ 
dred  and  four  hundred  mil  walls  exist  in  these  materials  which  are  com¬ 
parable  to  those  observed  in  (A- 7).  However,  the  gradients  appear  to  be 
smaller  than  exhibited  by  ZrB2<A-3).  This  finding  apparently  results  from 
the  higher  thermal  conductivity  of  the  oxide  formed  on  (A-8)  (as  compared 
with  (A-3))(6).  Consideration  of  Tables  9  and  10  shows  that  ZrB2+SiC(A-8) 
exhibits  the- same  tendency  to  develop  low  temperatures  as  (A-4)  and  (A-7). 
Thus,  tests  in  the  ROVERS  facility  at  flux  levels  below  500  BTU/ft^aec  and 
in  the  Model  500  facility  at  flux  levels  below  350  BTU/ft^sec  develop  rr.tios 
of  T(CALG) / T{OBS)  which  are  of  the  order  of  1.5.  This  feature  of  the  bor¬ 
ide  composites  which  contain  SiC  permits  a  wider  range  of  applicability  than 
materials  which  exhibit  (T(CALC)/T(OBS))  near  unity. 

7.  HfB2,  l+35v/oSiC(A-9) 

A  limited  set  of  exposures  of  HfB^.  i+35v/oSiC(A-9) 
was  conducted  in  the  Model  500  facility.  The  results  are  summarized  in 
Tables  11  and  15  and  in  Figures  1  and  2.  Figure  93  shows  post  exposure 
photographsof  all  the  test  samples  while  Figures  94-97  show  "maximum 
severity  survival"  and  "minimum  failure"  conditions  in  the  Model  500. 

The  nonuniform  recession  exhibited  by  {A-9)-5M  is  due  to  misalignment 
of  the  sample  in.  the  arc.  These  results  show  that  the  features  of  (A-9)  are 
similar  to  (A-4)  and  (A- 7) ( i.  e. ,  T(CALC) /T(OBS)  comparison,  recession 
rate  vs.  temperature  for  HG/CW  arc  plasma  tests  and  furnace  exposures, 
depletion  depth  vs.  temperature  in  HG/CW  tests  as  a  function  of  tempera¬ 
ture,  etc.).  The  major  difference  is  that  (A-9)  is  less  refractory  than 
(A-4)  and  (A-7).  Thus,  (A-9)  exhibits  melting  in  Model  500  exposures  when 
the  flux  level  exceeds  500  BTU/ft^sec  at  enthalpy  levels  near  4000  BTU/lb. 
By  contrast,  (A-7)-23M  receded  193  mils  after  7200  seconds  at  flux  levels 
near  600  BTU/ft^sec  and  4500  BTU/lb.  Similar  thermal  stability  is  evi¬ 
denced  by  (A-4)-2M  and  (A-4-2)-3M.  A  method  for  comparing  the  reces¬ 
sion  rate  as  a  function  of  flux  and  enthalpy,  rather  than  exclusively  in 
terms  of  surface  temperature  as  in  Figures  1  and  2,  is  described  in 
Reference  (6). 

8.  ZrB?,+14%SiC+30%C(A-10) 

This  composite  has  been  developed  (8-14)  in  order  to 
improve  the  thermal  stress  resistance  of  boride  composites  (by  lowering 
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c£  the  clastic  modulus)  without  sacrificing  oxidation  resistance.  Moreover, 

(A-10)  is  machinable  with  carbide  tools  while  (A-8)  is  not.  Tables  12-15 
and  43  summarize  the  results  of  an  extensive  series  of  tests  conducted  on 
ZrB2+SiC+C(A-10) .  Figures  1  and  6  display  the  results  in  graphical  form. 
Reference  to  Figure  6  shows  that  at  surface  temperatures  between  3000°and  5000°F. 
(A-10)  exhibits  a  much  slower  rate  of  oxidation  in  HG/ CW  arc  plasma 
test-i  than  in  CG/HW  furnace  tests.  This  result  is  undoubtedly  a  manifes¬ 
tation  of  the  MOTEL  criterion  presented  in  Section  I.  B. 

Figures  98-100  are  post  exposure  photographs  of  all 
of  the  samples  after  testing.  Shrouded  samples  shown  in  Figure  99  con¬ 
sisted  of  the  test  model  jacketed  in  a  cylinder  of  (A-10)  with  a  3/ 16  inch 
wall  thickness.  Utilization  of  the  shrouds  did  not  have  a  substantial  effect 
on  model  behavior  or  temperature  (6). 

In  general,  the  behavior  of  this  composite  is  quite 
similar  to  that  exhibited  by  (A-4),  (A-7)  and  (A-8)  discussed  earlier  in 
Sections  H. B-3,5  and  6.  However,  (A-10)  is  not  as  refractory  as  (A-4) 
and  (A-7).  Nevertheless,  the  lower  density,  cost,  thermal  stress  resist¬ 
ance  and  machining  characteristics  of  this  composite  provide  compensating 
advantages. 


The  series  of  photographs  of  tests  (A-10)-30R,31R,  32R 
and  33R  shown  in  Figure  100  are  extremely  revealing  when  examined  along 
with  the  data  shown  in  Table  14.  Test  (A-10)-30R  exhibits  the  connection 
between  oxide  coating  and  surface  temperature  described  in  Section  II.  B.  4 
for  (A-7).  During  the  first  428  seconds  of  this  long  test  (1669  seconds  total) 
the  oxide  slowly  covered  the  face  and  the  observed  surface  temperature  of 
3650°R  was  75%  lower  than  expected  from  radiation  equilibrium.  The  radiated 
flux  was  33  BTU/ft2sec.  However,  once  the  thin  oxide  coating  covered  the 
surface,  the  temperature  increased  to  5455°R  and  the  radiated  flux  level 
jumped  to  196  BTU/ftzsec.  Under  these  circumstances  the  observed  sur¬ 
face  temperature  was  only  17%  lower  than  expected  on  the  basis  of  Eqs.  2 
and  3.  The  total  conversion  of  boride  to  oxide  during  the  1669  second  expo¬ 
sure  was  26  mils.  However,  reference  to  Table  14  shows  that  the  total 
length  of  the  sample  actually  increased  by  10  mils.  rphus,  the  oxide  thick¬ 
ness  was  probably  of  the  order  of  36  mils.  Figure  100  shows  the  oxide 
cover  which  separated  from  the  sample  on  cooling.  This  cover  was  35 
mils  thick.  Test  (A-10)-31R  exposed  at  identical  conditions  as  (A-10)-30R 
except  that  the  flux  was  596  BTU /ft2sec  instead  of  551  BTU/ft^sec,melted. 

Figures  101-108  show  .tie  "maximum  severity  survival" 
and  "minimum  failure"  tests  in  the  Model  500  and  ROVERS  facilities.  Fig¬ 
ures  109-112  show  sections  through  (A-10)-24M  and  (A- 10) -26R  which  were 
exposed  for  times  up  to  21,  600  seconds  near  4500UF  with  total  recession  of 
the  order  of  100  mils.  This  behavior,  which  was  discussed  in  Section  I. B, 
shows  striking  evidence  for  the  applicability  of  these  composites  in  re¬ 
usable  lifting  reentry  spacecraft.  The  sting  leg  portion  of  sample  (A-10)- 
26R  was  cracked  on  removal  after  completion  of  the  test. 
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Table  43  details  the  results  of  in-depth  temperature 
measurements.  These  tests  wiil  be  discussed  later  in  Section  II.  C. 
Comparison  of  the  results  with  calculations  based  on  aide  losses  due  to 
radiation  is  presented  in  a  companion  report  in  this  series  (6).  Rela¬ 
tively  good  agreement  between  observed  and  calculated  gradients  has 
been  obtained  (6). 

Reference  to  Table  14  shows  that  (A-1P)-36RH  and 
(A-10)-37RH  (hemispherical  capped  models  with  in-depth  temperature 
holes)  were  exposed  at  flux  levels  near  500  BTU/ft^sec.  Table  43  de¬ 
tails  the  time -temperature  history  for  these  exposures.  Reference  to 
Table  14  indicates  that  the  observed  temperature  for  these  exposures 
was  60%  lower  than  calculated  on  the  basis  of  Eqs.  2  and  3.  This  be¬ 
havior  (noted  earlier  with  (A-7)  and  (A-8)  in  Sections  II.  B  4  and  II,  B.  6), 
characterized  by  lower  temperatures  achieved  with  hemispherical  models 
than  with  flat  faced  models  is  not  understood  at  present.  Nevertheless, 
the  practical  implications  of  this  finding  are  substantial.  For  example, 
(A-10)-25R,  26R,  40R  and  4lR  (which  were  flat  faced  models)  exposed  at 
conditions  similar  to  (A-10)-3?R  and  38R  (i.  e. ,  500  BTU/ft^sec,  7700 
BTU/lb,  0.  15  atm. )  exhibited  temperatures  near  5000°R  in  contrast  to 
(A-10)-37R  and  38R  which  exhibited  temperatures  near  3700°R.  Naturally 
the  hemispherical  models  exhibited  lower  recession  rates.  Sample  (A-10)- 
37RH  is  shown  after  sectioning  in  Figures  113  and  114. 

Similarly,  sample  (A-10)-48RH  was  exposed  to  four 
exposures  at  ascending  flux  levels  until  evidence  of  melting  was  noted. 

Melting  of  this  hemispherical  capped  model  was  not  observed  to  occur 
until  fluxes  near  850  BTU/ft^sec  were  attained.  Flat  faced  models  melted 
near  650  BTU/ft^aec. 

9.  Pure  Graphite  Materials  -RVA(B-5),  PG(B-6)  and 

bP5T6~^ - ^ — - - 

Figures  3,  4  and  115-137  compare  the  results  of 
(HG/CW)  Arc  Plasma  Tests  with  the  results  of  (CG/HW)  Air  Oxidation 
Furnace  Tests  (4).  Figures  3  and  4  also  contain  a  number  of  results  re¬ 
ported  by  Kendall  et  al,  (17)  and  by  Tanzilli  (18)  for  comparison,  The  results 
of  these  studies  are  in  gene raJ,  agreementwith  present  f'ndings.  The  general 
behavior  indicated  by  Figures  3  and  4  is  that  the  supply  limited  (oxidation 
rates  observed  to  increase  as  air  flow  rate  increases)  oxidation  rates  ob¬ 
served  in  the  furnace  tests  are  much  lower  than  observed  in  the  one  at¬ 
mosphere  (HG/CW)  Arc  Plasma  Tests.  Recession  rates  in  the  latter 
exposures  are  dependent  on  pressure  and  weakly  temperature  dependent. 

In  general,  the  results  are  in  keeping  with  the  theoretical  description  (6). 
Thus,  it  appears  that  the  oxidation  of  graphite  observed  in  the  arc  plasma 
exposures  is  limited  by  diffusion  of  oxygen  and  oxidation  products  in  the 
boundary  layer.  This  is  certainly  the  case  at  lower  pressures.  Reference 
to  Figures  3  and  4  shows  that  little  If  any  temperature  dependence  of  the 
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recession  rate  is  noted  in  the  Mach  3.2  exposures  at  0.01  to  0.03  atmos¬ 
pheres.  However,  at  higher  pressures  the  temperature  dependence  be¬ 
comes  more  pronounced.  The  one  atmosphere  subsonic  exposures  exhibit 
a  definite  temperature  dependence  of  the  recession  rate  particularly  in  the 
temperature  range  between  2500°F  and  3500°F.  This  result  is  in  keeping 
with  the  observations  derived  from  high  velocity  CG/HW  tests  (5)  and 
theoretical  studies  (6).  The  pressure  dependence  of  the  recession  rate 
appears  to  agree  with  the  relation  predicted  by  theory  (6).  The 

present  results  shown  in  Figures  3  and  4  (Tables  16-18)  indicate  that  PG 
(B-6)  and  BPG(B-7)  are  comparable  in  oxidation  resistance  to  RVA(B-5) 
in  the  (HW/CG)  Arc  Plasma  Tests  and  the  the  "C"  plane  recedes  more 
slowly  than  the  "A"  plane  of  PG(B-6)  and  BPG(B-7).  This  is  readily  evi¬ 
dent  in  Figure  4  for  the  Mach  0.  30-6.  50  exposures  at  one  atmosphere. 

It  should  be  noted  that  the  observation  of  enhanced  "A" 
plane  recession  indicates  that  while  gaseous  boundary  layer  diffusion  exer¬ 
cises  dominant  control,  surface  reactions  do  exert  some  influence  on  the 
overall  rate. 

Reference  to  Tables  17  and  18  indicates  that  thermal 
shock  delaminations  were  noted  along  the  "G"  plane  for  samples  of  PG 
(B-6)  and  BPG(B-7)  exposed  normal  to  the  "C"  axis.  Thermal  shock  fail¬ 
ures  were  not  noted  for  RVA  or  PG/B-6)  and  BPG(B-7)  when  samples  of 
the  latter  were  exposed  perpendicular  to  their  "C"  axes.  This  was  evidently  due 
to  nonuniform  heating  of  samples  so  exposed  due  to  enhanced  conductivity 
parallel  to  "C"  planes.  Motion  picture  footage  clearly  illustrated  this 
behavior  in  which  central  bands  of  material  which  were  parallel  to  the 
"C"  plane  and  parallel  to  the  cylinder  axis  heated  up  before  the  cylinder 
surface  heated.  Figures  123,  126,  131,  134  and  135  illustrate  the  thei'mal 
shock  failures  of  (B-6)  and  (B-7).  Photographs  of  (B-5),  (B-6)  and  (B-7) 
samples  exposed  in  the  Model  500  illustrate  "necking"  of  the  test  samples 
due  to  oxidation  on  the  sides.  This  behavior  is  seen  in  Figures  115,  118, 
122-126,  130  and  132-134. 

Comparison  of  the  T(CALC)/T(OBS)  ratios  obtained 
for  (B-5),  (B-6)  and  (B-7)  with  those  noted  for  other  materials  will  be 
performed  in  Section  n.  D.  For  the  present  however,  reference  to 
Tables  16-18  shows  that  this  ratio  is  approximately  1.  18  for  these  mater¬ 
ials.  Thus,  observed  temperatures  are  about  18%  less  than  expected 
based  on  radiation  equilibrium.  In  addition,  the  ratios  are  nearer  unity 
for  (B-6)  and  (B-7)  when  the  "C"  axis  is  parallel  to  the  arc  (i,  e. ,  when  the 
basal  planes  of  graphite  are  exposed).  Table  44  details  the  results  of  two 
exposures  of  RVA(B-5)  in  which  internal  temperatures  were  recorded. 
Comparison  of  the  results  with  calculated  values  yield  relatively  good  re¬ 
sults  (6).  Temperature  gradients  are  modest  duo  to  the  bare  surface  and 
high  thermal  conductivity  of  graphite.  Section  H,  C  will  provide  an  addi¬ 
tional  discussion  of  these  findings. 

In  comparing  the  behavior  of  the  foregoing  boride 
materials  to  the  pure  graphites  RVA(B -5),  PG(B- 6)  andBPG(B-7),  it  is 


evident  that  the  former  group  (i.  e. ,  the  borides)  exhibit  substantially 
lower  recession  ra.tr*«  the  graphites  a.1  temperatures  below  the  melt¬ 

ing  temperatures  of  the  borides.  This  is  the  case  at  atmospheric  pres¬ 
sures.  Thus,  at  5000°F  and  1  atmosphere,  graphite  recessions  of  the 
order  cf  300C-60C0  mils  in  30  minutes  are  observed  as  compared  to 
boride  recessions  in  the  30-60  mils  in  30  minute  range.  Even  at  0.01 
atmosphere  stagnation  pressures,  graphites  recede  at  rates  of  1000  mils 
in  30  minutes.  However,  once  the  melting  temperature  of  the  borides  is 
exceeded,  their  advantage  is  lost. 

10.  Siliconized  RVC  Graphite,  Si/RVC(B-8) 

Table  19  documents  the  results  of  the  HG/CW  arc 
plasma  tests  performed  on  Si/RVC(B-8).  Figure  5  compares  the  re¬ 
sults  of  these  tests  with  CG/HW  furnace  tests,  while  post  exposure 
photographs  and  "maximum  severity  survivals"  are  illustrated  in 
Figures  138-142,  The  present  results  demonstrate  that  Si/RVC(B-8) 
exhibits  protective  oxidation  for  short  periods  of  time  up  to  surface 
temperatures  near  3800°F.  This  is  some  700°F  above  the  coating  fail¬ 
ure  temperature  observed  in  the  CG/HW  furnace  tests  (4).  Above  this 
temperature  coating-breakdown  occurs  and  samples  exhibit  typical  graph¬ 
ite  behavior.  As  noted  previously,  graphite  oxidation  rates  in  the  a.rc 
plasma  tests  are  20  times  larger  than  the  rates  observed  in  the  furnace 
indicating  that  the  latter  are  supply  limited.  In  particular,  exposure 
Si/RVC(B-8) -5M  (Table  19)  shows  coating  burn-off  after  735  seconds  at 
470  BTU/ft^sec  and  3720  BTU/lb  corresponding  to  a  surface  temperature 
of  3790°F.  At  low  pressure,  Si/RVC(B -8) -7R  showed  protective  behavior 
at  210  BTU/ft2sec  and  8850  BTU/lb  corresponding  to  a  surface  tempera¬ 
ture  of  274Q°F. 


Exposures  (B-8)-4M  and  (B-8)-5M  discussed  above 
represent  short  time  survival  conditions.  Survival  for  30  minutes  was 
exhibited  at  slightly  lower  levels  by  (B-8)-18M  at  362  BTU/ftzsec.  A 
surface  temperature  of  3110°F  was  observed  in  this  test  in  accordance 
with  the  CG/HW  furnace  results  (4).  Reference  to  Table  19  indicates  that 
T(CALC)/T(OBS)  ratios  for  this  material  are  high  (approximately  equal  to 
1. 36)  when  the  coating  is  intact.  This  result  is  in  keeping  with  the  behavior 
noted  for  other  SiC  bearing  materials  f(A-4),  (A-7),  (A-8),  (A-9)  and 
(A-10))  discussed  above.  Thus  (£),  Si/RVC(B -8)  exhibits  enhanced  temper¬ 
ature  resistance. 

11.  Special  Graphites  PT0178(B-9),  POCO(B-IO)  and 
Cu'assy  Carbon  (B  -l  i) 

Tables  20  and  21  as  well  as  Figures  3,  and  143-155 
display  the  results  obtained  for  the  fibrous  graphite  composite  PT0178(B-9), 
fine  grained  graphite ,  Poco  (B- 10)  and  glassy  carbon  (B- 1 1).  As  in  the 
case  of  RVA(B- 5),  PG(B-6)  and  PG(B-7),  the  oxidation  rates  observed  in  the 
furnace  tests  are  20  times  smaller  than  those  observed  in  the  arc  plasma 
tests,  indicating  that  the  former  are  supply  limited.  In  line  with  the  high 
velocity  CG/HW  test  results  (_5)  and  the  theoretical  findings  (6),  the  recession 
rates  of  the  graphites  are  inversely  proportional  to  density  (F).  The  motion 
picture  coverage  of  test  (B-ll)-lM  shown  in  Table  21  indicates  melting  during 
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the  exposure.  No  post  exposure  examination  could  be  made  since  the 
sample  ablated  completely.  Since  glassy  carbon  is  not  reported  to 
melt  at  one  atmosphere,  the  only  possible  explanation  that  can  be  ad¬ 
vanced  at  present  for  this  observation  is  based  on  surface  contamina¬ 
tion  of  the  sample  by  tungsten  from  the  arc  or  sting  (Reference  5, 
pages  28  and  29).  “ 


Figures  143-146  indicate  the  extensive  "necking"  of 
PT0178(B-9)  in  the  Model  500  tests  which  resulted  from  side  wall 
oxidation.  Although  Poco  Graphite  (B-9)  showed  similar  characteristics 
(see  Figure  148)  the  necking  was  less  pronounced. 

Section  II.  D  will  present  a  complete  discussion  of  the 
emittance  and  T(CALC) /T(OBS)  ratios  for  these  materials.  For  the 
present,  it  is  sufficient  to  note  that  the  T(CALC) /T(OBS)  ratios  for 
PT0178(B-9)  and  Glassy  Carbon  (B-ll)  are  near  unity  while  the  average 
ratio  for  Poco  Graphite  (B-10)  is  near  1.  15. 


12. 


Arc  Cast  Hypereutectic 

ZrCreTClTZf  - 


Carbides  HfC+C(C-ll)  and 


Tables  22  and  23  along  with  Figures  5  and  156-179 
detail  the  results  obtained  for  the  arc  cast  hypereutectic  carbides 
HfC+G(C-ll)  and  ZrG+C(C-12).  The  melting  points  shown  in  Figure  5 
are  taken  from  the  work  of  Rudy  (7)-  Reference  to  Figure  5  indicates  that 
tile  present  results  on  melting  of  (C-ll)  and  (C-12)  are  in  keeping  with 
Rudy's  results.  In  addition,  the  values  of  T(CAJ-G) /T(OBS)  for  (C-ll) 
and  (C-12)  are  found  to  lie  near  1.0.  Although  the  temperature  range  of 
the  present  HG/CW  arc  plasma  tests  were  not  overlapped  with  CG/HW 
furnace  tests,  Figure  5  indicates  the  two  sets  of  results  are  comparable. 
This  is  due  in  part  to  the  unusual  oxidation  characteristics  of  (C-ll)  and 
(C-12)  (4).  These  materials  do  not  form  protective  oxides  below  3300°F, 

At  lower  temperatures  they  form  porous  flakey  oxides  which  do  not  sup¬ 
press  the  oxidation  rate.  Thus,  arc  plasma  samples  which  are  hotter  at 
the  front  than  at  the  back  are  expected  to  exhibit  variable  oxidation  char¬ 
acteristics.  This  behavior  is  shown  clearly  in  the  post  exposure  photo¬ 
graphs  which  constitute  Figures  156,  157,  168  and  169.  Thus,  the  post 
exposure  pictures  of  (C-11)-17M  and  (C-12)-15M  are  quite  reminiscent 
of  the  structures  shown  on  page  64  of  Reference  (4).  Figures  158,  170 
and  178  illustrate  the  rapid  oxidation  of  the  sting  Teg  region  where  a  thick 
nonprotective  oxide  forms.  Figures  171  and  179  show  preferential  oxida¬ 
tion  along  the  graphite  flakes  in  the  hypereutectic  structure.  As  indicated 
in  Figure  5,  HfC+C(C-ll)  is  more  refractory  than  ZrC+C(C-12)  and  is 
thus  capable  of  withstanding  higher  flux  and  enthalpy  levels  before  melting 
(6).  Figures  158-178  illustrate  the  "maximum  severity  survival"  and 
"minimum  failure"  condition  in  the  Model  500  and  ROVERS  facilities,  The 
latter  are  associated  with  melting  of  the  carbide.  This  conclusion  is  based 
on  the  large  number  of  survivals  (recession  rates  of  100  mils  or  less  in 
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30  minutes)  observed  for  (C-ll)  above  the  melting  point  of  HfC>2  near 
5100°F,  and  the  clear  difference  in  resistance  to  stream  conditions 
evidenced  by  (C-ll)  and  (C-12)  despite  the  fact  that  the  melting  points 
of  HfG2  and  ZrO 2  are  nearly  equal. 

The  samples  employed  in  tests  HfC+C(C-l  1) -  10R  and 
12R  (Figures  160-163)  were  fabricated  from  billet  1422A  (Table  8  of 
Reference  1)  which  is  lowest  in  carbon.  Consequently,  these  samples 
do  not  exhibit  large  graphite  flakes.  Nonetheless,  the  oxidation  behavior 
of  samples  from  Billet  1422A  does  not  appear  to  differ  materially  from 
samples  fabricated  from  the  billets  which  are  higher  in  carbon.  Figure 
163  shows  the  microstructure  which  is  characteristic  of  billet  1422A. 

Figures  170-175  show  post  exposure  photomicrographs 
of  ZrC+C(C-12)-15M,  10R  and  7R.  A  recession  of  64  mils  was  observed 
for  (C-12)-15M  after  1800  seconds  at  3900°F.  Figure  170  shows  the 
"puffy"  attack  of  the  hypereutectic  carbides.  Figure  172  displays  the 
structure  of  (C-12)-10R  after  1800  seconds  at  5030°F.  A  recession  of 
32  mils  was  observed  subsequent  to  this  exposure.  At  4955°F  (C-12)-7R 
exhibited  a  total  recession  of  209  mils  in  1800  seconds  at  5030°F,  The 
apparent  reversal  in  behavior  of  (C-12)-10R  and  (C-12)-7R  indicates  that 
these  conditions  are  borderline  relative  to  melting  of  Zr02  as  shown  in 
Figure  5.  Both  H£C+C(C-11)  and  ZrC+C(C-12)  are  resistant  to  thermal 
shock  over  the  range  of  conditions  employed. 


Cyclic  exposures  of  (C-ll)  and  (C-12)  were  not  carried 
out  due  to  the  problems  associated  with  the  poor  low  temperature  oxida¬ 
tion  behavior.  Under  these  conditions  it  is  expected  that  excessive  side 
oxidation  at  cooler  locations  on  the  sample  would  lead  to  rapid  oxidation. 

13.  JTA(C+ZrE2+SiG)  (D-13) 

The  results  of  the  present  arc  plasma  testing  programs 
for  JTA(D-13)  (which  is  predominantly  a  graphite  in  contrast  to  (A-10) 
which  is  mostly  boride)  is  shown  in  Tables  24  and  25.  Figure  6  compares 
the  HG/CW  results  with  furnace  test  data,  while  Figures  180-197  show 
post  exposure  photographs  and  metallographic  sections  of  selected  test 
samples.  Experiments}  results  obtained  in  HG/CW  tests  by  Kendal  et  al. 
(17),  Criscione  et  al.  (19)  and  by  Buckley  and  Stein  (20)  are  included  for 
comparison  in  Figure  67~ 

The  ratio  of  T(CALC)/T(OBS)  for  most  exposures  of 
this  material  was  near  1.  10.  Comparison  of  the  temperature  calculations 
and  emittance  values  for  this  material  will  be  compared  with  the  results 
obtained  for  other  candidate  materials  In  Section  II.  D. 
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A  substantial  number  of  thermal  shock  failures  were 
observed  in  these  tests.  These  failures,  noted  in  Table  24,  occurred 
in  random  fashion  at  flux  levels  above  500  BTU/ft2sec.  The  samples 
which  failed  by  thermal  shock  were  machined  from  2-1/2"  diameter  x 
2"  long  billets  of  JTA(D-!3)  in  an  orientation  which  corresponds  to  the 
hot  pressing  direction.  Thus,  the  axis  of  the  arc  plasma  test  sample 
was  parallel  to  that  of  the  hot  pressed  cylinder.  Under  these  conditions, 
residual  strains  present  in  the  billets  and  in  the  samples  could  provide 
a  source  for  the  failures.  In  order  to  investigate  this  possibility  a  second 
series  of  samples  were  machined  from  additional  billets.  These  sample 
cylinders  were  oriented  with  their  axes  perpendicular  to  the  pressing 
direction.  Nondestructive  testing  of  these  cylinders  showed  no  nonuni¬ 
formities  or  imperfections  (see  Page  19  of  Reference  1).  The  above 
mentioned  samples  are  designated  as  (D-13)-31MX  through  (D-13)-41MX 
in  Table  24.  Significantly,  no  thermal  shock  failures  were  noted  for 
these  samples  even  at  flux  levels  in  excess  of  500  BTU/£t2sec.  This 
finding  has  particular  relevance  to  applications  in  which  JTA(D-13)  parts 
are  exposed  to  severe  environmental  heat  fluxeB.  A  preoxidized  coating 
on  (D-13)-43M,  44M  and  45M  had  no  noticeable  effect. 

Reference  to  Figure  6  shows  that  the  results  obtained 
for  JTA(D-13)  in  HG/CW  arc  plasma  tests  and  GG/HW  furnace  tests 
"dove  tail."  By  contrast  the  HG/CW  results  ior  (A-10)  lie  below  the 
CG/HW  rates  at  temperatures  up  to  5000°F  as  shown  in  Figure  6.  At 
4500°F  and  one  atmosphere  stagnation  pressure,  JTA(D-13)  behaves 
like  a  graphite  exhibiting  recession  of  2-4  inches  in  thirty  minutes,  while 
(A-10)  behaves  like  a  boride  and  exhibits  recessions  of  10-20  mils  in 
thirty  minutes. 


A  post  exposure  metallogiaphic  section  of  JTA(D-13)- 
22M  is  shown  in  Figures  185  and  186  to  illustrate  a  "maximum  severity 
survival"  in  the  Model  500.  Rapid  recession  is  illustrated  by  Figures 
18C  and  189  for  JTA(D-13)-4M  after  rapid  oxidation  at  660  BTU/ft2sec 
and  4320  BTU/lb  (surface  temperature  equals  4560°F).  ROVERS  expo¬ 
sures  at  low  pressure  lead  to  protective  oxidation  at.  a  surface  tempera¬ 
ture  of  4665°F  (500  BTU/ft2sec  and  9520  BTU/lb)  as  shown  in  JTA(D-13)- 
7R  illustrated  by  Figures  190  and  191.  At  higher  levels  (770  BTU/ft2sec, 
7310  BTU/lb  and  surface  temperature  equal  to  5305°F)  rapid  oxidation 
rates  are  observed  aB  Bhown  in  Figures  192  and  193  for  JTA(D-13)-8R. 

Figures  194  and  195  show  sample  (D-13)-48MX  after 
4  cyclic  exposures  at  a  stagnation  enthalpy  of  4350  BTU/lb,  stagnation 
pressure  of  1.01  atm  and  a  cold  wall  heat  flux  of  330  BTU/ftzeec.  Each 
exposure  was  1800  seconds  long  making  the  total  exposure  time  7200 
seconds.  The  average  rocession  was  118  mils.  This  test  can  be  com¬ 
pared  with  (A-10) -24  shown  in  Figure  109  which  exhibited  a  recession  of 
104  mils  after  12  cycles  (1800  seconds  each)  totalling  21,600  seconds 
under  comparable  conditions. 
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Figures  196  and  197  show  sample  (D-13)-49RX  after 
4  cyclic  exposures  at  a  stagnation  pressure  of  0.057  atmospheres  at  a 
stagnation  enthalpy  of  9600  BTU/lb  and  a  cold  wall  heat  flux  of  440 
BTU/ft2sec.  Each  exposure  was  1800  seconds  long  making  the  total 
exposure  time  7200  seconds.  Total  recession  for  this  test  was  45 
mils.  By  comparison,  (A-10)-26R  exposed  for  18,951  seconds  at 
comparable  heat  flux  and  enthalpy  and  a  higher  pressure  (0.238  atm) 
exhibited  a  recession  of  83  mils  as  shown  in  Figure  111. 


14.  KT-SiC(E-14) 

The  behavior  of  KT-SiC  in  (HG/CW)  exposures  is 
compared  with  the  (CG/HW)  tests  in  Figure  5.  Detailed  results  are 
contained  in  Table  26.  Rapid  oxidation  rates  are  observed  at  tempera- 
tures  above  4000 °F,  or  500°F  higher  than  observed  in  (CG/HW)  testa 
(4).  Although  a  complete  discussion  of  the  emittance  and  calculated 
temperatures  for  this  material  will  be  postponed  to  Section  n.  D,  it 
should  be  noted  that  the  computed  ratios  Tr:  AT.f!  /TobS  exceed  unity 
with  typical  values  near  1.5.  This  indicates  that  the  observed  surface 
temperature  is  substantially  less  than  anticipated  on  the  basis  of  radi¬ 
ation  equilibrium.  Thus,  heat  absorbtion  due  to  vaporization  or 
degradation  of  the  heat  transfer  coefficient  due  to  injection  or  blocking 
is  operative.  At  45Q0°F,  significant  vaporization  of  KT  -SiC  leads  to 
rapid  rates  of  recession. 

Figure  5  shows  a  slightly  higher  fail  tire  temperature 
for  KT-SiC(E-14)  in  the  HG/CW  Arc  Plasma  Tests  at  one  atmosphere 
than  in  the  CG/HW  furnace  tests.  At  lower  pressures,  higher  oxidation 
rates  are  observed  as  expected.  This  is  due  to  the  instability  of  SiOji 
(relative  to  SiO)  at  low  pressure  (4). 

Post  exposure  photographs  of  all  samples  are  shown 
in  Figures  198  and  199.  Figures  200  and  201  show  metallographic  sec¬ 
tions  through  sample  (E-14J-4M  after  survival  at  3670°F  for  1835  seconds. 

At  higher  levels  rapid  ablation  is  illustrated.  Figures  202  and  203  show 

KT-SiC(E-14)  “5M  after  exposure  for  165  seconds  at  4440°F.  A  total 

recession  of  425  mils  was  observed.  Under  these  conditions  recession 

occurs  by  ablation  and  vaporization.  > 

Samples  KT-SiC(E- 14) -3R,  5R  and  7R  exhibited  low 
oxidation  rates  but  showed  internal  cracks  on  sectioning  as  indicated 
in  Figure  204, 

15.  JT-0992(c-Hfc-siC)(F-l5)  and  JT-098i(C-ZrC-SiC) 

The  results  obtained  for  the  graphite  composites  JTT- 
0992(C-HfC-SiC)(F-15)  and  JT-0981(C-ZrC-SiC)(F-16)  are  summarized 
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in  Tables  27  and  28.  These  composites,  like  JTA(C-ZrBg-SiC)(D-l 3), 
are  mainly  graphite  (1).  Unlike  the  former,  however,  they  do  not  con¬ 
tain  boron  and  are  therefore  susceptible  to  rapid  oxidation  at  tempera¬ 
tures  below  2800°F.  This  fact  is  illustrated  in  Figure  6  which  compares 
the  current  results  of  HG/CW  arc  plasma  tests  with  furnace  tests  con¬ 
ducted  under  CG/HW  conditions.  Reference  to  Tables  27  and  28  shows 
that  the  ratio  T(CALC) /T(OBS)  is  near  1.05  for  (F-15)  and  1,10  for 
(F-16).  These  findings  and  the  results  of  the  emittance  measurements 
presented  in  Tables  27  and  28  will  be  discussed  in  Section  n.  D.  Post 
exposure  photographs  and  metallo graphic  sections  are  shown  in  Figures 
206-229.  Photographs  of  all  the  exposures  of  (F-15)  shown  in  Figures 
206-208  and  (F-16)  shown  in  Figures  218-220  illustrate  a  large  number 
of  thermal  shock  failures  particularly  in  the  case  of  JT0981(F-1 6).  As 
indicated  earlier  in  Section  Il.B-13  (Table  24),  JTA(D-13)  also  exhibited 
thermal  shock  failures  when  exposed  to  heat  flux  levels  above  600  BTU/ 
ft2 sec.  This  failure  mode  was  eliminated  (for  JTA)  by  orienting  the 
pressing  axis  of  the  billets  perpendicular  to  the  arc  (Section  II.B-13). 

All  of  the  samples  of  (F-15)  and  (F-16)  discussed  in  Tables  27  and  28 
were  oriented  so  that  the  pressing  axis  was  parallel  to  the  arc  since 
testing  was  completed  before  the  effect  of  orientation  was  established 
for  JTA(D-13). 


After  initial  observation  of  thermal  shock  failures  in 
exposures  JTA(D-13)-23M  and  24M  (Table  24)  and  JT0981(F-1 6)-21M, 
22M,  23M  and  24M,  a  second  set  of  samples  was  prepared  and  submitted 
for  nondestructive  testing  as  noted  on  p,  19  of  Reference  1,  The  NDT 
results  indicated  that  JTA(D-13)-1,  6  and  9  and  JT0981(Fri6)-l,  4,  9 
and  11  gave  extreme  values  in  the  ultrasonic  velocity  and  eddy  current 
measurements.  No  nonuniformities  or  surface  cracks  were  disclosed 
by  radiographic  or  dye  penetrant  methods.  Reference  to  Tables  24 
and  28  show  that  none  of  these  extreme  samples  exhibited  thermal  shock 
failures. 


If  the  results  are  taken  at  face  value,  it  appears  that 
JT0981  exhibits  a  high  thex’mal  shock  failure  rate  at  flux  levels  in  ex¬ 
cess  of  400  BTU/ft2sec.  The  failure  level  for  JTA  appears  to  be  in  the 
vicinity  of  600  BTU/ft2sec,  while  JT0992  exhibited  only  two  random 
failures  when  exposed  at  flux  levels  up  to  1145  BTU/ft^sec.  Examina¬ 
tion  of  the  microstructures  of  the  test  cylinders  with  Mr.  S.E.  Slosarik, 
Applications  Manager  of  the  Aerospace  and  Nuclear  Products  Division 
of  Union  Carbide  Corp. ,  showed  some  preliminary  evidence  for  carbon 
and  carbide  grain  size  differences  between  test  cylinders  which  seemed  to 
correlate  with  the  occurrence  of  thermal  shock  failures.  However,  sub¬ 
sequent  extensive  metallographic investigation  of  this  factor  did  not  verify 
the  hypothesis  that  fine  grained  structures  exhibit  a  higher  flux  tolerance 
than  coarse  grain  structures.  Since  all  of  the  1/2  inch  diameter  x  1  inch 
long  cylinders  were  cut  from  one  2  inch  diameter  x  2-1/2  inch  billet  which 


30 


in  turn  were  cut  from  7  inch  diameter  x  7  inch  pressings,  grain  size  varia¬ 
tions  between  test  cylinders  were  not  ancitipated.  The  axes  of  the  test 
cylinders,  billets  and  pressings  were  identical  and  thermal  shock  failures 
were  found  to  occur  by  delaminations  along  planes  perpendicular  to  the 
cylinder  axis. 


Reference  to  Figure  6  shows  that  the  30  minute  oxidation 
depths  exhibited  by  JT0992(F-15)  and  JT0981(F-16)  in  the  (HW/CG)  Arc 
Plasma  Tests  at  Mach  0.  3-0.  5  and  one  atmosphere  agree  with  the  (CG/HW) 
Air  Oxidation  Furnace  Tests  (4).  These  rates  are  30  times  less  than  those 
encountered  for  RVA(B-5)  Graphite  at  temperatures  below  4000°F  indicating 
some  beneficial  effect  of  the  solid  oxide  formers  contained  in  the  composites. 
A  substantial  lowering  of  the  30  minute  conversion  depth  was  observed  at 
stagnation  gressures  in  the  0.01-0.03  atmosphere  range  at  temperatures 
below  5500°  F.  Melting  was  observed  at  this  temperature. 

Figures  209-217  illustrate  "maximum  severity  survivals" 
and  "minim um  failures"  for  JT0992(F-15).  Figure  211  in  this  group  illus¬ 
trates  the  low  temperature  susceptibility  to  rapid  oxidation  of  JT0992 
(C-HfC-SiC)(F-15)  which  was  noted  earlier  for  HfG+C(C-ll)  and  ZrC+C 
(C-12)  in  Section  H.  B-12.  This  low  temperature  attack  (which  is  eliminated 
when  boron  is  present)  is  clearly  seen  in  Figure  211.  Here»test  (F-15)-2M 
exhibited  a  34  mil  recession  on  the  hot  face  at  a  surface  temperature  of 
3470°F  after  an  1173  second  exposure  at  one  atmosphere  stagnation  pres¬ 
sure.  However,  the  oxidation  depth  increases  along  the  sides  of  the  model 
as  the  distance  from  the  hot  face  increases  (due  to  the  fact  that  the  temper¬ 
ature  decreases)  in  accordance  with  Figure  6.  Thus,  oxidation  depths  of 
100  mils  are  seen  at  a  distance  of  750  mils  from  the  front  face  where  the 
temperature  level  dropped  below  2800°F, 

Post  exposure  metallographic  sections  for  JT0981(F»l6) 
shown  in  Figures  221  and  222  present  additional  graphic  evidence  of  the 
rapid  low  temperature  oxidation,  This  behavior  is  absent  at  low  pressure 
(0.075  atm)  as  shown  in  Figure  226.  Figures  224  and  228  illustrate  rapid 
recession  at  temperatures  near  5000°F  due  to  melting. 

16.  Molybdenum  and  Tungsten  Melting  Tests  and  Exposures 

■srwsiz/wy^TS)  ssa ~3n£g7  / t a~n owfcri't^ - * - 

As  indicated  in  Reference  (3]  extensive  precautions  have 
been  taken  in  order  to  insure  that  temperature  measurements  of  the  model 
surface  are  accurate.  In  general,  the  comparison  of  observed  surface 
temperatures  in  HG/GW  arc  plasma  tests  with  values  calculated  from  stroam 
conditions  are  in  relatively  good  agreement.  Moreover,  a  number  of  tem¬ 
perature  measurements  employing  two  color  pyrometers  yielded  good  re¬ 
sults  (page  8  of  Reference  (3)).  In  order  to  obtain  additional  verification  of 
the  surface  temperature  measurements,  the  melting  points  of  tungsten  and 
molybdenum  were  measured  in  the  arc  facilities  using  pure  nitrogen  streams 
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for  comparison  with  accepted  values.  The  results  ot  tbese  tests  are  showu 
in  Table  29  and  in  Figure  230.  The  relatively  good  agreement  obtained  in 
these  tests  should  eliminate  concern  over  the  accuracy  of  surface  tempera¬ 
ture  measurements  due  to  interference  of  the  arc  with  optical  observations. 

The  results  of  arc  plasma  testing  of  the  coated  refractory 
metals  WSi2/W(G-18)  and  Sn- AZ/Ta-10W(G- 19)  is  shown  in  Tables  30-32  and  45, 
Both  of  these  materials  exhibit  high  ratios  of  T(CALG)/T(OBS)  when  the 
coating  is  intact.  Thus,  ratios  near  1.55  are  typical  for  (G-18)  and  1.40 
for  (G-19).  As  indicated  earlier,  ratios  which  are  larger  than  1.0  indicate 
enhanced  temperature  resistance.  This  behavior  w’H  be  discussed  in  Section 
I1D.  Modest  temperature  gradients  observed  for  (G-18)  are  shown  in  Table  45. 
The  results  will  be  discussed  in  Section  I1C.  These  data  agree  with  com¬ 
puted  results  (6).  Figure  6  compares  the  results  for  (G-18)  and  (G-19)  ob¬ 
tained  in  the  current  HG/CW  arc  plasma  tests  with  those  obtained  in  CG/HW 
furnace  tests.  Post  exposure  photographs  and  metallographic  sections  of 
"maximum  severity  survivals"  and  "minimum  failures"  are  shown  in  Figures 
231-246. 


It  should  be  noted  that  (G-18J-19M  and  (G-18)-2GM  which 
were  shrouded  in  cylinders  of  ZrB2+SiC+C(A -10)  as  indicated  in  Table  30 
and  Figure  233  showed  no  sign  of  reaction  with  the  3hroud,  This  indicates 
compatability  between  the  coated  tungsten  and  boride  composite  under  these 
conditions. 


Figures  234  and  235  show  post  exposure  metallographic 
sections  through  sample  WSio/W(G-18)-4M  which  represent  a  "maximum 
severity  survival"  condition  in  the  Model  500  at  one  atmosphere  stagnation 
pressure.  This  test  conducted  at  a  flux  level  of  460  BTU/ftzsec  and  2785 
BTU/lb  survived  the  full  1800  second  exposure  as  did  tests  (G-18)-21M  and 
22M  at  slightly  lower  flux  levels  and  slightly  higher  enthalpies.  In  all  three 
cases,  the  observed  surface  temperatures  were  below  3450°F  which  cor¬ 
responds  to  the  survival  limit  noted  in  the  furnace  teste  (4),  In  addition,  in 
each  case  the  calculated  temperature  based  on  Eqs.  2  unT 3  was  40%  to  60% 
higher  than  observed.  This  finding  is  in  keeping  with  the  behavior  noted  for 
SiC,  SiC  coated  graphite  and  SiC  bearing  composites  discussed  earlier. 

Raising  the  conditions  slightly  as  in  (G-18)-14M  at  440 
BTU/ft^sec  and  3485  BTU/lb  results  in  coating  burn-off  and  tungsten  abla¬ 
tion.  This  test  resulted  in  complete  ablation  of  the  sample  in  1032  seconds. 
The  initial  length  of  452  mils  leads  to  a  rate  of  about  0.44  mils/ sec  under 
these  conditions  or  a  30  minute  recession  depth  of  790  mils.  These  rates 
are  in  good  agreement  with  calculated  recession  rates  for  tungsten  ablation 
(6),  It  should  be  noted  that  once  the  WSig  coating  is  burned  off  (as  in  (G-18)~ 
l"3M)  the  ratio  T(CALC)/T(OBS)  drops  to  unity.  This  finding  offers  strong 
support  for  the  calculation  and  the  conclusion  that  silicious  materials  act  to 
lower  the  surface  temperature.  It  also  mitigates  against  errors  due  to  con¬ 
duction  losses.  Figure  235  shows  the  WsS^  zone  formed  during  Test  (G-18)- 
4M.  The  width  of  this  zone  is  seen  to  be  0.55  mils.  Table  31  summarizes 
the  WgSi3  zone  widths  measured  after  exposure  of  all  the  WSi2/W(G-18) 
samples.  The  results  are  plotted  in  Figure  237  for  comparison  with 
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published  values  (21.  221  and  complem  fil'lt.Zi  VV  valn^Q  r‘b^irl®d  /"•/’"  /  TTiir 

tests  of  this  material  (¥,  5).  Figure  236b  shows  a  similar  measurement  of 
w5Sl3  zone  width  for  exposure  (G-18)-6R  in  the  Rovers  arc. 

,  .  Reference  to  Figure  237  shows  that  the  zone  width  data 

m  arc  plasma  te8ts  under  HC./CW  conditions  at  temperatures  above 
3050  F  are  m  good  agreement  with  the  observations  obtained  using  other 
exposure  techniques;  however,  at  lower  temperatures,  substantial  dis¬ 
crepancies  exist  as  shown  in  Figure  237.  These  differences  cannot  be 
attributed  to  errors  in  zone  width  measurement  or  temperature  measure¬ 
ment.  At  present  the  source  of  these  differences  is  unknown. 


The  data  presented  in  Table  30  show  that  Mach  3.2  ex- 
posures  at  P  =  0  082,  ie  =  8310  BTU/lb  and  qcw  =  554  (Sample  No.  6RB, 
table  30)  did  not  lead  to  failure.  However,  exposures  7RA-7RB  and  8RA- 
8RB  described  in  Table  30  clearly  describe  failure  conditions.  In  the 
former  case,  the  five  mil  coating  of  WSi2  burned  off  after  300  seconds  at 
a  surface  temperature  of  3610°F  generated  by  Pe  =  0. 158  atm,  i  =  8020 
BTU/lb  and  qcv/  =781  BTU/ft^sec.  Subsequently,  the  surface  temperature 
rose  to  5420°F  as  the  tungsten  began  to  burn  and  40  mils  of  tungsten  were 
lost  during  the  50  second  exposure  of  the  bare  tungBten.  Exposures  8RA  and 
8RB  repeat  the  7RA-7RB  conditions  and  extend  the  exposure  time  for  oxida¬ 
tion  of  the  bare  tungsten  surface.  These  exposures  (7RB-8RB)  indicate  a 
recession  rate  of  0.  80-0.  95  mils/ sec.  The  computed  rate  (6)  is  0.  35  mils/ 
sec  under  these  conditions.  The  comparsion  of  tungsten  recession  rates 
observed  in  this  study  with  those  reported  in  the  literature  (17)  shown  in 
1  *S  <^uate  reasonable.  These  failure  conditions  are  uTagreement 
with  the  air  oxidation,  oxygen  pickup  and  high  velocity  (CG/HW)  tests  which 
^d-f,atCd  faliure  o£  the  WSi2/W  coating  system  at  3450°F  to  3680°F.  Table 
30  illustrates  the  effects  of  the  WSi2  coating  on  the  surface  temperature. 

For  these  cases  (in  contrast  to  the  aforementioned  behavior  of  the  boride, 
graphite  and  graphite  composite  materials)  the  T(CAL.C)/T(OBS)  ratios  are 
much  larger  than  unity.  Exposures  7RA-7RB  and  8RA-8RB  are  particularly 
illuminating  in  this  regard  in  that  7RB  and  8RB,  corresponding  to  the  bare 
tungsten  surface  after  WSi2  burn-off,  yield  ratios  much  more  typical  of  the 
borides  and  graphites.  As  indicated  earlier,  SiC(E-14),  Table  26,  exhibited 
high  values  of  T(CALC) /T(OBS). 

Exposures  (G-18)-23R  and  (G-18)-24R  bracket  failure  con¬ 
ditions  at  a  stagnation  pressure  near  0.  25  atm.  In  this  case,  (G-18)-24R 
survived  a  full  30  minute  time  period  characteristic  of  a  hot  gas/cold  wall 
exposure  at  a  heat  flux  of  653  BTU/ft^sec  and  an  enthalpy  of  7460  BTU/lb 
Raising  the  stream  conditions  slightly  to  699  BTU/ft23ec  and  8180  BTU/lb 
results  in  coating  failure. 

The  behavior  of  Sn-A//Ta-10W(G-19)  shown  in  Table  32 
and  Figures  7  and  238-246  compares  HG/CW  arc  plasma  test  results  with 
furnace  data  obtained  under  CG/HW  conditions.  In  addition,  post  exposure 
photographs  of  all  samples  are  presented  along  with  "maximum  severity 
survival  and  "minimum  failure  conditions". 
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The  behavior  of  Sn- AI/Ta-10W(G-19)  indicates  failure 
at  temperatures  above  3000°F  in  agreement  with  the  results  of  CG/HW 
tests  (4,  5).  Examination  of  Table  32  shows  that  the  subsonic  exposures 
(G-19) -2KI,  3M  and  4M  resulted  in  protection  at  surface  temperatures  up 
to  3000°F,  In  the  last  case  illustrated  in  Figures  239  and  240,  flux- 
enthalpy  conditions  at  350  BTU/ft^sec  and  2980  BTU/lb  were  not  sufficient 
to  degrade  the  coating  in  1830  seconds.The.se  conditions  lead  to  a  computed 
temperature,  TCALG  =  4590°F,  on  the  basis  of  Eqs  23-25.  However,  at 
slightly  higher  conditions  of  390  BTU/ft^sec  and  2880  BTU/lb  (exposure 
(G-19)-1M)  shown  in  Figures  241  and  242  which  <  orrespond  to  Tc/^LC  = 
4640°F,  complete  degradation  of  the  coating  occurs.  As  in  the  case  of 
WSi2/W(G-18)  and  KT-SiC(E-14)  the  ratios  of  T(CALC) /T(OBS)  are  much 
larger  than  unity  when  the  coating  is  retained.  When  the  coating  is  elim¬ 
inated  (i. e. ,  (G-18)-1M,  5M  and  6R),  the  T(CALC)/T(OBS)  ratios  are 
closer  to  unity.  Table  32  contains  the  values  of  total  normal  emittance 
for  Sn-A/-Mo  coated  Ta-lOW  as  determined  from  measurements  of  sur¬ 
face  radiation  as  =  0.  59.  Values  of  ej>j  =  0.44  and  ejyj  =  0.  17  were 
measured  for  Ta2C>5  and  liquid  tantalum.  These  values  will  be  discussed 
in  Section  II.  D. 


The  results  contained  in  Table  32  lead  to  the  following 
characterization  of  survival  and  failure  conditions  for  Sn-Al/ Ta-lOW 
(G- 19): 


PASS 


No. 

Pe 

Mach 

No. 

q 

^cw 

i 

e 

(atm) 

(BTU/ft^sec) 

(BTU/lSy 

9R 

0.010 

3.2 

158 

10,520 

7R 

0.050 

3.2 

355 

7,  100 

4M 

1.0 

0.29 

350 

2,980 

FAIL 

No. 

P 

e 

Mach 

No. 

q 

i 

e 

(atm) 

(B’Tu/ft^sec) 

(BTU/lb) 

8R 

0.011 

3.2 

200 

11,440 

6R 

0.  063 

3.  2 

504 

8,  740 

1M 

1.0 

0.  32 

390 

2,880 

These  results  show  the  expected  decrease  in  coating  stability  with  decreas¬ 
ing  pressure.  Rovers  exposures  Sn-Al/Ta-10W(G-19)-9R  and  8R  shown  in 
Figures  243-246  illustrate  survival  and  failure  under  low  pressure  condi¬ 
tions. 
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17.  W+Zr-i-Cu(G-20l  and  W+AefG-21} 


Table  33  summarizes  the  tests  conducted  on  the  tungsten 
composites  W + Z r + C u( G- 2 0)  obtained,  from  Hocketuyne  (23)  and  W+Ag(G-21) 
obtained  from  Wah  Chang.  The  latter  material  was  only  exposed  at  one 
atmosphere  stagnation  pressure.  CG/HW  tests  were  not  performed  for 
these  materials.  Reference  to  Table  33  shows  that  values  of  T(CALC)/ 
T(OBS)  near  1.3  were  obtained  for  these  materials.  This  result  is  not 
surprising  in  view  of  the  fact  that  the  heat  resisting  mechanism  involves 
vaporization  of  Cu  or  Ag.  This  behavior  will  be  discussed  further  in  Section 
II.  D.  Figures  7  and  247-260  show  the  recession  in  thirty  minutes  as  a. 
function  of  temperature  for  the  current  set  of  tests  as  well  as  post  expo¬ 
sure  photographs  of  all  exposures  and  examples  of  "maximum  severity 
survivals"  and  "minimum  failure  conditions". 


Arc  plasma  tests  have  been  reported  for  W+Zr+Cu 
(G-20)  by  Schwarzkopf  (23)  who  observed  a  gross  recession  of  91  mils 
after  a  720  second  exposure  at  a  stagnation  pressure  of  0. 121  atmospheres, 
a  stagnation  enthalpy  of  10,520  BTU/lb  and  a  cold  wall  heat  flux  of  535 
BTU/ft^sec  at  Mach  3.  2.  One  half  inch  diameter  flat  faced  samples  were 
employed  in  these  tests  (Reference  23,  pages  62-63).  Reference  to  Table 
33  and  Figure  252.  show  the  results  oF a  comparable  exposure,  WfZr+Cu 
(G-20)-9R|  run  at  a  stagnation  pressure  of  0.  1  atm,  a  stagnation  enthalpy 
of  10,  680  BTU/lb,  and  cold  wall  heat  flux  of  585  BTU/ft^sec  at  Mach  3.  2. 

A  gross  recession  of  17  mils  was  observed  after  775  seconds.  Total 
recession  of  22  mils  was  observed.  Exposure  (G-20)-7R  was  performed 
at  0.075  atm,  9,280  BTU/lb  and  489  BTU/£t2sec  resulted  in  a  gross  reces¬ 
sion  of  28  mils  and  a  total  recession  of  43  mils  after  1800  seconds.  How¬ 
ever,  when  the  conditions  were  increased  to  0.135  atm,  11,980  BTU/lb 
and  662  BTU/ft2sec  melting  was  observed  initially  followed  by  oxidation. 

The  gross  recession  was  253  mils  and  the  total  recession  was  257  mils 
after  an  exposure  time  of  500  seconds  as  shown  in  Figure  254.  In  the 
Model  500  tests  at  one  atmosphere  stagnation  pressure  extremely  rapid 
degradation  was  observed  at  much  lower  flux  and  enthalpy  levels,'  Thus, 
W+Zr+Cu(G-20)-lM  exhibited  a  recession  of  147  mils  after  157  seconds 
at  1.03  atm,  2970  BTU/lb  and  315  BTU/ft^sec,  This  behavior  indicates 
that  the  mechanism  of  degradation  is  sensitive  to  pressure  in  the  0.  1-1.0 
atmosphere  range.  The  precise  nature  of  the  degradation  mechanism  which 
is  operative  is  not  clear  at  present.  Figures  247-251  illustrate  the  behavior 
at  one  atmosphere  stagnation  pressure. 

The  results  obtained  for  W+AG(G-21)  in  the  Model  500 
tests  at  stagnation  pressures  of  one  atmosphere  were  comparable  to  the 
results  for  (G-20).  Figures  256-260  illustrate  the  high  rate  of  oxidation 
at  one  atmosphere. 

18,  Silica-Tungsten  Compodtes  SiC>7+68.5  w/o  W(H-22) 
and  5i02+60  Wlo'WW'HT - - - 

The  current  results  for  SiC>2+68.5  w/o  W(H-22)  and 
SiC>2+60  w/o  W(H-23)  are  shown  in  Tables  34  and  35  and  in  Figure  8. 
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Post  exposure  macrographs  as  well  as  "maximum  severity  survivals"  and 
"minimum  failure  exposures"  are  shown  in  Figures  261-2721.  The  behavior 
of  these  materials  is  quite  similar.  Figure  8  shows  good  correspondence 
between  the  CG/HW  furnace  tests  and  the  HG/CW  arc  plasma  tests.  In 
particular,  exposures  at  one  atmosphere  which  achieved  surface  tempera¬ 
tures  in  excess  of  4000°F  all  exhibit  viscous  flow.  Higher  oxidation  rateo 
are  observed  at  lower  pressure  due  to  instability  of  SiC^  relative  to  SiO 
(Section  VI  of  Reference  4).  All  samples  exposed  in  the  Model  500  showed 
sting  hole  cracking.  In  addition,  all  samples  which  flowed  and  mushroomed 
during  exposure  increased  in  front  face  diameter  and  were  exposed  to  lower 
effective  flux  levels.  Microstructural  features  shown  in  Figure  270  illus¬ 
trate  depletion  of  tungsten  particles  from  the  surface  of  the  one  atmosphere 
tests.  The  low  pressure  exposures  showed  no  tungsten  depletion,  sting  hole 
cracking  or  viscous  flow.  Test  SiO^  +  68.5  w/o  W(H-22)-4M  in  Figure  262  f 
shows  rapid  recession  at  a  surface  temperature  of  5205°F  and  one  atmosphere. 
At  a  lower  temperature  (Test  (H-22)-2M,  Figure  263)  the  recession  rate  is 
much  lower  but  sting  leg  oxidation  is  observed  due  to  the  lack  of  Si02  vis¬ 
cosity  (see  Section  III.  K  of  (5)).  Figures  261  and  265  show  tests  (H-22)-10R 
and  (H-22)-7R  which  illustrate  the  zones  deple,  e\  of  tungsten  particles.  The 
latter  figure  shows  the  SiC^  zone  (depleted  of  tungsten)  actually  separated 
and  "pooled  back"  from  the  sample. 

Reference  to  Table  35  shows  that  tests  SiO2+60  w/oW 
(H-23)-6M,  7M,  15M,  16M,  17M,  18M,  19M  and  20  M  which  achieved  sur¬ 
face  temperatures  in  excess  of  4000°F  all  exhibit  viscous  flow.  Higher 
oxidation  rates  are  observed  at  lower  pressure  due  to  instability  of  Si02 
relative  to  SiO  (Section  VI  of  Reference  3).  All  samples  exposed  in  the 
Model  500  showed  sting  hole  cracking.  In  addition,  all  samples  which 
flowed  and  mushroomed  during  exposure  increased  in  front  face  diameter 
and  were  exposed  to  lower  effective  flux  levels.  Figures  267-270  show 
exposures  SiO2+60  w/oW  (H-23)-2M  and  15M.  Figure  270  shows  the  zone 
depleted  of  tungsten  particles.  Figures  271  and  272  show  Rovers  expo¬ 
sures  SiC>2+60  w/o  W(H-23)-8R.  The  low  pressure  exposures  showed  no 
tungsten  depletion,  sting  hole  cracking  or  viscous  flow. 

The  T(CALC)/T(OBS)  ratios  shown  in  Tables  34  and  35 
indicate  values  of  1. 10  for  Si02+68.5  w/o  W(H-22)  and  1.25  for  SiC>2  + 

60  w/o  W(H-23).  These  values  will  be  discussed  further  in  Section  II.  D. 
However,  the  former  appears  low,  while  the  latter  seems  consistent  with 
values  obtained  for  other  silicon  bearing  materials.  It  appears  difficult 
to  blame  the  small  difference  in  tungsten  content  between  (H-22)  and  (H-23) 
for  the  disparity  in  T(CALG)/T(OBS)  ratios. 

19.  Hf-20Ta-2Mo(I-23) 

The  results  obtained  for  Hf-20Ta-2Mo(I-23)  are  summar¬ 
ized  in  Tables  36,  37,  38,  46  and  47.  Figure  8  compares  the  HG/CW  test 
data  with  results  obtained  in  CG/HW  furnace  tests.  Photographs  of  all  test 
samples  after  exposure  and  metallographic  sections  of  selected  samples  are 
displayed  in  Figures  273-293.  Reference  to  Tables  36-38  indicates  that  the 
ratio  T(CAJjG)/T(OBS)  for  thiB  refractory  metal  alloy  is  near  1.20  when 
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melting  J^co  uui  occur,  Xiiis  characteristic  will  be  discussed  in  Section 
II.  D.  As  shown  in  Tables  46  and  47,  temperature  gradients  of  1500°B.  or 
more  exist  through  100  and  400  mil  wall  thicknesses  of  this  material  dur¬ 
ing  oxidation.  Measurement  of  these  gradients  has  been  discussed  in 
Section  II.  B.  4  of  Reference  3.  Large  gradients  have  also  been  observed 
in  high  velocity  CG/HW  tests  (5). 

Reference  to  Figure  8  shows  that  Hf-20Ta-2Mo(I-23) 
exhibits  the  same  characteristics  shown  by  the  diborides  H£B2  j(A-2)  and 
ZrB2(A-3)  where  the  rate  of  recession  in  the  CG/HW  furnace  t'est  exceeds 
that  in  the  HG/CW  arc  plasma  test  at  a  given  surface  temperature.  As 
indicated  above,  the  source  of  this  behavior  are  the  temperature  gradients 
and  operation  of  the  MOTEL  criterion  discussed  in  Section  I. B.  Indeed, 
the  gradients  are  so  severe  that  surface  temperatures  up  to  5000°F  are 
observed  over  long  periods  of  time  even  though  the  alloy  melts  at  3860°F 
(Reference  2,  page  5}  in  furnace  tests.  This  behavior  is  indicated  in  24M, 
44R  and  1MC  shown  in  Tables  36  and  37.  Reference  to  Figure  8  does  not 
indicate  any  effect  of  stagnation  pressure  on  oxidation  rate  in  the  0.01-1.0 
atmosphere  range  covered  by  these  tests.  This  result  is  in  keeping  with 
earlier  observations  (24).  Figures  274  and  273  show  post  exposure  photo¬ 
graphs  of  (I-23)-45M,”46M,  47R  and  48R  which  were  shrouded  in  ZrB2+ 
SiC+C(A-10)  cylinders.  Post  exposure  examination  showed  no  interaction 
indicating  compatibility  between  (1-23)  and  (A-10). 

Figures  276  and  277  show  the  low  recession  observed  for 
test  (1-23) -1M  at  an  observed  temperature  of  4030°F  on  the  front  face  of 
the  sample  at  the  air/oxide  interface.  This  temperature  is  170°F  above  the 
melting  point  of  3860°F  observed  for  samples  of  this  alloy.  This  result  is 
due  to  the  occurrence  of  temperature  gradients  in  the  HG/CW  tests.  Ex¬ 
posure  Hf-20Ta2Mo(I-23)-14M  at  605  BTU/ft2sec  and  3965  BTU/lb  cor¬ 
responding  to  a  surface  temperature  of  4620°F  melted  in  30  seconds.  By 
contrast,  (I-23)-15M  (shown  in  Figures  278  and  279)  at  515  BTU/ft2sec  and 
3735  BTU/lb  exhibited  a  surface  temperature  of  4645°F  and  did  not  melt. 
Nonetheless,  (1-23) -15M  showed  melting  of  the  oxide  but  not  of  the  metal. 
This  would  imply  a  temperature  gradient  of  more  than  700°F  through  the 
oxide.  In  contrast  to  (1-23) -15M,  exposure  (1-23) -1M  at  530  BTU/fmsec 
and  3295  BTU/lb  exhibited  a  surface  temperature  of  4030  F.  ROVERS 
exposures  Hf-20Ta-2Mo(I-23)-12R  and  9R  are  shown  in  Figures  280-283, 
The  former  shows  protective  oxidation  at  378  BTU/ft2sec  and  12,  710  BTU/ 
lb  (surface  temperature  equals  3755°F).  Surprisingly,  (1-23) -9R  at  337 
BTU/ft2sec  and  11,250  BTU/lb  (surface  temperature  equals  4220°F)  showed 
signs  of  melting.  This  could  be  due  to  the  formation  of  a  very  thin  oxide  at 
low  pressure  which  was  not  an  effective  insulator. 

Figures  284  and  285  -show  post  exposure  photographs  of 
several  (1-23)  samples  which  were  employed  for  measurements  of  internal 
temperature.  Sample  (1-23) -3MC  sl  ows  the  results  of  a  burn-thiough  after 
1455  seconds.  The  time -temperature  history  of  this  exposure  which  is  doc¬ 
umented  in  Table  46  shows  that  the  internal  temperature  reached  3800°F 
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(melting  point  equals  3860°F)  at  this  point.  Sample  (1-23) -1MC  is  shown 
alter  sectioning  in  Figure  285.  The  tungsten  sting  is  in  place  in  this  fig¬ 
ure  to  illustrate  the  small  contact  area  for  conduction  losses. 

Figures  286-293  illustrate  samples  exposed  to  multiple 
cycles  and  in  the  hemispherical  configuration  after  sectioning. 

Test  (1-23) -27M  was  exposed  to  seven  cyclic  exposures 
at  a  stagnation  pressure  of  1.05  atmospheres,  a  stagnation  enthalpy  of 
3300  BTU/lb  and  a  cold  wall  heat  flux  of  410  BTU/ft^eec.  The  observed 
surface  temperature  was  4230°F  and  a  recession  of  138  mils  was  observed 
after  an  exposure  of  11,  600  seconds  in  cycles  of  1800  second  duration. 

This  behavior  is  not  quite  as  good  as  that  exhibited  by  ZrB2+20%SiC(A-8)- 
17M  shown  in  Figure  83  or  ZrB£+SiC+C(A- 10) -24M  shown  in  Figure  109. 
These  samples  ran  for  longer  times  under  more  severe  conditions  than  did 
(1-23) -27M  and  exhibited  less  recession.  Nevertheless,  Hf-20Ta-2Mo(I-23) 
ismetallic  and  as  such  offers  advantages  as  regards  fabrio.ability  and 
resistance  to  thermal  stress.  On  the  other  hand  (A-8)  and(A-10)  possess 
higher  strength  and  more  temperature  capability  (6)  than  (1-23). 

Figure  288  illustrates  the  results  obtained  with  Hf-Ta-Mo 
(I-23)-28R  after  a  4  cycle  exposure  at  a  stagnation  pressure  of  0.  132  atm. , 
an  enthalpy  of  7600  BTU/lb  and  a  cold  wall  heat  flux  of  398  BTU/ft^sec. 

Total  exposure  time  was  7220  seconds  yielding  a  recession  of  55  mils.  As 
indicated  above,  boride  composites  shown  in  Figures  71,  91  and  111  exposed 
to  more  severe  conditions  in  the  ROVERS  facility  exhibited  less  recession. 
However,  the  behavior  of  Hf-Ta-Mo(I-23) -28R  is  outstanding  for  a  metallic 
structure. 


The  earlier  discussions  of  cyclic  boride  exposures  pre¬ 
sented  in  Sections  H.B.  5,  6  and  8  made  note  of  the  fact  that  the  temperature 
increased  from  one  cycle  to  the  next.  Reference  to  Tables  37  and  38  indi¬ 
cates  that  although  tests  (1-23) -27M  exhibited  an  increase  in  surface 
temperature  during  the  first  two  cycles,  the  temperature  wras  relatively 
stable  from  cycle  HI  to  cycle  VII  with  T(CALC)/T(OBS)  ratios  near  1.08. 
Surface  temperature  held  steady  during  cyclic  exposure  of  (1-23) -28R  with 
T(GALiC) /T(OBS)  ratios  near  1.27. 

Figures  290-293  show  the  results  obtained  with  hemispher¬ 
ical  capped  samples  of  (I-23)-38MH  and  39RH.  Reference  to  Tables  37  and 
38  show  that  T(CALC)  /T(OBS)  for  these  tests  were  1.12  and  1.44,  respectively. 
Although  the  latter  value  is  higher  than  the  typical  ratios  observed  for  this 
material  (1.20)  the  former  value  is  lower.  In  any  case,  the  magnitude  of 
temperature  reduction  observed  with  hemispherical  caps  is  smaller  than 
observed  for  (A-8),  (A-8)  and  (A- 10)  (c.  f. ,  (A-7)-36MH,  Table  6;  (A-7)- 
48RH,  Table  8;  (A-10)-35MH,  Table  13;  and  (A-10) -46RH,  Table  14). 
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20,  vjua-eu  roco  Cjraphfce  ir/U.  [i.-£*h) 

Iridium  coated  Poco  graphite  samples  furnished  by  Battelle 
Memorial  Institute  (25)  were  tested  in  the  Model  500  and  Rovers  facilities. 

In  view  of  the  high  cost  of  these  samples  an  attempt  was  made  to  use  them 
for  several  runs  and  to  avoid  sectioning(thus  destroying  the  sample)  where 
possible.  Accordingly,  techniques  were  employed  for  nondestructive ly 
measuring  coating  thickness  (Reference (^)» pages  7,  8,  24  and  25),  Most 
of  the  coatings  were  of  the  order  of  20  mils  thick  based  on  the  NDT  re¬ 
sults  and  the  observations  made  on  sectioned  samples.  The  sample  num¬ 
bers  supplied  by  Battelle  were  retained  in  order  to  permit  cross  referencing 
with  the  fabrication  report  (25).  In  addition  to  the  samples  of  Ir/C(I-24) 
listed  in  Reference  (1),  Battelle  supplied  two  cylinders  of  iridium  coated 
graphite  in  which  an"Tridium-50  v/o  HfOji  coating  was  applied  to  improve 
the  oxidation  resistance.  Photographs  of  these  samples  are  shown  on  page 
101  of  Reference  (25).  Fabrication  is  discussed  on  page  89  of  Reference 
(25).  In  accordance  with  the  Battelle  designation,  these  samples  are 
numbered  Ir/C(I-24) -36  and  37. 

The  results  obtained  in  arc  plasma  testing  of  Ir/C(I-24) 
are  summarized  in  Table  39.  Figure  8  shows  the  temperature  dependence 
of  the  oxidation  behavior,  while  Figures  294-301  display  post  exposure 
photographs  of  all  test  samples  and  sections  through  a  failure  and  a  sur¬ 
vival.  In  line  with  the  CG/HW  tests  reported  earlier  (4),  iridium  exhibits 
very  low  oxidation  rates  up  to  its  melting  temperature  “at  4430°F.  The 
temperature  of  the  iridium- carbon  eutectic  (4)  is  4175°F.  Reference  to 
Figure  8  shows  that  samples  exposed  to  higher  conditions  exhibited  melt¬ 
ing  of  the  coating  and  ablation  of  the  graphite.  The  major  drawback  of  this 
coating  system  is  the  low  emittance  of  the  iridium  («  a  0.30).  However, 
addition  of  Hf02  raised  the  emittance  to  values  near  0.50  and  extended  the 
range  of  conditions  under  which  the  coating  can  be  used.  Thus,  examina¬ 
tion  of  Table  39  shows  that  the  pure  coating  is  destroyed  at  flux  levels  in 
excess  of  310  BTU/ft^sec.  At  flux  levels  below  300  BTU/ft^sec  the  coat¬ 
ing  is  hardly  affected;  however  at  higher  levels,  melting  followed  by  rapid 
ablation  occurs. 


However,  when  HfC>2  is  added  to  increase  the  emittance, 
failure  does  not  occur  until  the  flux  level  reaches  510  BTU/ft^sec  (i. e., 
see  tests  36MRA  and  36MRB). 

In  summary,  although  Ir/C(I-24)  has  excellent  tempera¬ 
ture  capability  to  temperatures  near  4200°F,  it  has  very  low  resistance  to 
stream  conditions.  In  fact  (6),  if  heat  flux/enthalpy  characteristics  are  used 
as  a  yardstick,  Ir/G(I-24)  ranks  below  Si/RVC(B-8),  described  in  Table  19» 
even  though  the  latter  has  a  temperature  limit  near  3200°F.  The  difference 
is  caused  by  the  fact  that  (B-8)  has  a  higher  emittance  than  (1-24),  0.  69  vs. 
0.36,  and  a  higher  T(CALiC) /T(OBS)  ratio,  1.36  vs.  1.21,  These  factors 
will  be  discussed  in  further  detail  in  Section  II.  D. 


C.  HcDuii-s  uf  lBinper^ure  gradient  Measurements 

As  indicated  above,  temperature  gradients  have  been  measured 
through  100  and  400  mil  walls  of  ZrB2(A-3),  HfB2  i +20%SiC(A-7) ,  ZrB2+ 

20%SiC(  A-8) ,  ZrB2+SiC+C(A-10),  RVA(B-5),  WSi2/W(G-18)  and  Hf-20Ta- 
2Mo(I-23).  Tables  40-47  detail  the  time-temperature  histories  obtained 
in  these  tests.  Figures  302-312  show  the  time -temperature  data  graphi¬ 
cally.  Calculations  of  the  temperature  gradients  through  the  test  cylinders 
described  by  Figures  302-312  are  presented  in  Section  VII  of  Reference 
(6).  These  calculations  are  based  on  side  losses  due  to  radiation  and  con¬ 
duction  down  the  length  of  the  model  but  no  neat  loss  via  conduction.  Thus, 
the  model  employed  implies  a  modification  of  Eqs.  (2)  and  (3)  to  reflect 
side  losses. 

The  materials  chosen  for  examination  actually  cover  a  wide 
range  of  characteristics.  Thus  RVA(B-5)  represents  an  ablator  with  no 
coating.  On  the  other  hand  WSi2/W(G-18)  provides  an  alternative  situa¬ 
tion  where  the  bulk  thermal  conductivity  is  nearly  three  times  that  of 
RVA(B-5)  at  the  temperature  of  interest.  However,  WSi2/W(G-l8)  has 
a  5  mil  WSi2  coating  which  has  a  thermal  conductivity  approximately  one 
third  that  of  RVA(B  ~5) .  The  remaining  materials,  (A-3),  (A- 7),  (A-8), 

(A-10)  and  (1-23)  have  bulk  thermal  conductivities  ranging  between  0,  5  to 
0.  8  that  of  tungsten.  However,  they  all  form  oxide  coatings  which  have 
very  low  thermal  conductivities.  Thus,  the  coating  which  forms  on  ZrB2 
(A-3),  which  is  quite  flakey,  is  estimated  to  have  a  thermal  conductivity 
of  10 ”4  BTU/ft  sec°R  or  65  times  less  than  RVA(B-5). 

The  thermal  conductivity  of  the  oxides  formed  on  (A- 7),  (A-8), 

(A-10)  and  (1-23),  which  are  more  adherent,  was  estimated  to  be  five  times 
larger  than  the  oxide  formed  on  (A-3). 

Examination  of  Figures  302-312  shows  that  with  few  exceptions, 
the  internal  temperatures  remain  fairly  constant  over  long  periods  of  time. 

The  exceptions  are  cases  in  which  fairly  rapid  degradation  is  occurring. 

Thus,  the  principal  exception  is  test  (1-23) -3MC  discussed  earlier  in 
Section  II.  B.  18  where  the  molting  point  was  achieved  at  1455  seconds.  As 
a  consequence,  comparison  of  the  computed  valuee,  which  are  based  on  a 
steady  state  condition,  with  the  observed  temperatures  appeals  justified. 

This  description  is  contained  in  Tables  23-28  of  Reference  (6)  which  com¬ 
pare  the  observed  internal  temperatures  with  calculated  values  for 
ZrB2+SiC(A-8) ,  ZrB?(A-3),  HfF2+SiC(A-7) ,  RVA(B-5),  ZrB2+SiC+C(A-10), 
WSi2/W(G-18)  and  Hf-Ta-Mo(I-23) .  Data  include  measured  front  face  and  in¬ 
ternal  temperatures,  Tj;  and  Td,  the  cold  wall  heat  flux,  q,  the  stagnation  enthalpy, 
i  ,  and  the  stagnation  pressure,  Pe.  In  addition,  these  tables  show  the 
radius,  R,  length,  L,  and  oxide  coating  thickness,  I.  The  latter  was 
equated  to  the  conversion  depth  for  the  oxide  formers.  For  WSi2/W,  I 
was  equated  to  the  WSi2  coating  thickness  and  1=0  for  RVA(B-5)  graphite 
which  ablates  without  coating  formation.  Values  of  the  emittance,  co 
(see  Section  II.  D)  as  well  as  suitable  values  of  the  thermal  conductivities 
characteristic  of  eachmaterial  for  the  coating  kp  and  the  substrate  ks  are  also 
shown  in  Tables  23-28  of  Reference  (6). 
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The  computer  results  are  displayed  in  terms  of  the  ratio  of 
calculated  front  face  temperature  to  observed  front  face  temperature 
Tf(CALC)/T£(OBS)  and  the  ratio  of  computed  in-depth  temperature 
Td(CALC)  to  computed  front  face  temperature  T^CALC).  If  the  agree¬ 
ment  is  exact  (e.  g. ,  Hf-Ta-Mo(I-23) -43R  in  Figure  311),  the  ratio  of 
Tf(CALC)/Tf(OBS)  would  be  1.00.  In  the  example  ,Tf(CALC)  is  4440°R 
vs.  4530°R  =  T^fOBS).  Similarly  the  measured  temperature  at  109 mils 
is  3560°R  vs,  T^(CALC)  =  3380°R.  In  this  case,  the  observed  gradient 
is  960°R  while  the  calculated  gradient  is  1060°R  in  109  mils. 

All  of  the  runs  shown  in  Tables  41-47  were  performed  on  flat 
faced  cylinders  except  those  designated  by  a  suffix  H  (hemisphere)  or  S 
(cylindrical  shroud  with  a  200  mil  wall).  Photographs  of  these  models 
have  been  presented.  The  shrouds  and  hemispherical  caps  did  not  alter 
the  gradients  observed  for  flat  faced  cylinders.  Thus,  all  of  the  calculations 
were  based  on  flat  faced  cylinders  ignoring  the  hemispherical  caps  and  the 
shrouds.  Reference  to  Tables  2 3-28  of  Reference  (6)  indicates  relatively 
good  agreement  between  calculation  and  observation^  in  view  of  the  sim¬ 
ple  model  employed  and  the  complexities  of  the  experiments. 

The  largest  deviations  occur  at  low  surface  temperatures  (i.  e. , 
Tf  <  3300°R)  for  the  materials  which  form  SiO£  as  an  oxidation  product. 
Thus,  in  cases  where  samples  of  H£B2+SiC(A-7),  ZrB2+SiC(A-8),  ZrB2+ 
SiC+C(A-10)  or  WSi2/W(G-i8)  were  exposed  with  shrouds  or  as  large 
diameter  hemispheres  Tf  (CALC)  is  considerably  larger  than  Tf(OBS). 
However,  this  difference  is  smaller  than  obtained  when  T£  is  computed 
on  the  basis  of  radiation  equilibrium.  The  cause  of  this  behavior  is 
presently  unknown  (6).  Reference  to  Tables  23-28  of  Reference  (6)  shows 
that  the  calculated  and  observed  ratios  of  T<j/Tf  are  in  general  agreement. 

D.  Average  Values  of  Normal  Total  Em ittance  and  T(CALC)/T(OBS) 

Ratios  for  the  Candidate' Mate  rials  ~  " 


Tables  2-39  contain  values  of  the  radiated  heat  flux,  qr,  ob¬ 
served  during  the  arc  plasma  exposures.  These  values  are  employed  to 
compute  total  normal  emittance  on  the  basis  of  Eq.  1.  The  resultant 
values  are  contained  in  Tables  2-39  along  side  each  exposure.  As  noted 
earlier  (3),  the  surface  temperature  which  appears  in  Tables  2-39  and 
in  Eq,  1  Ts  measured  optically  (at  X  =  0.  65p)  and  converted  to  a  true 
temperature  by  employing  specific  values  of  the  normal  spectral  emittance 
at  X  =0.  65p  (5) • 

In  addition  to  the  measurements  presented  in  Tables  2-39»  two- 
color  pyrometer  measurements  were  performed  during  the  course  of  expo¬ 
sures  HfB2i-SiC(A-4)-2M,  FG(B-6)-9M,  BPG(B-7)-6M,  JTA(D-13) -2M, 
HfB2+35%SiC(A-9) -6M  and  Si  RVC(B-8)-13M.  The  results  were  combined 
with  the  brightness  temperatures  in  order  to  obtain  spectral  emittance 
values  at  X  =0.  65p.  The  results  were  found  to  agree  reasonably  with  the 
current  values  assumed  for  at  X  =  0.65,  (3,  5). 
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Table  4b  summarizes  the  average  of  ail  the  e  results  for 
each  material.  Tests  conducted  on  flat  faced  cylinders  without  shrouds 
were  employed  exclusively  in  taking  the  averages.  Separate  averaged 
values  are  presented  for  conditions  where  melting  was  observed  and 
conditions  whwere  a  coated  surface  was  removed.  Most  of  the  results 
for  the  solid  oxidized  surfaces  are  between  0.6  +  0.2.  Lower  values 
are  obtained  for  those  cases  where  melting  occurs  (i.  e. ,  (jj  =  0.  32  for 
tungsten  (WSi2/W)  (G-18)). 

In  view  of  the  relatively  low  values  of  observed  for  0.500 
inch  diameter  graphite  samples,  a  series  of  exposures  were  performed 
employing  samples  which  were  0,  740  inch  in  diameter.  In  the  latter  case, 
the  image  fills  a  larger  fraction  of  the  Eppley  thermopile  viewing  area 
(3).  As  shown  in  Table  16,  larger  values  of  ejj  were  observed  with  the 
larger  diameter  samples.  Similar  experiments  performed  with  ZrB? 
(A-3)  and  Hf-20Ta-2Mo(I-23)  where  solid  oxides  form  (Tables  3  and  36) 
did  not  show  this  behavior.  For  such  cr  .  vs,  difference  in  €  pj  are  not 
anticipated  since  changes  in  diameter  are  not  encountered  during  expo¬ 
sure. 


Table  48  summarizes  averaged  ratios  of  T(CALC)/T(OBS) 
derived  on  the  basis  of  Eqs.  2  and  3  and  the  stream  conditions  and  sur¬ 
face  temperatures  contained  in  Tables  2-39.  Ideally,  if  radiation 
equilibria  were  the  dominant  factor  and  all  measurements  were  accurate, 
these  ratios  should  be  unify.  Although  there  are  departures,  it  is  sat¬ 
isfying  to  note  that  the  differences  are  small  compared  to  those  obtained 
by  considering  the  results  of  other  studies  (i.  e, ,  Figures  16-21  of  Refer¬ 
ence  (6)).  Reference  to  Table  48  shows  that  ratios  of  T(CALC) /T(OBS)  are 
lowerTor  cases  where  melting  is  observed  than  for  cases  where  a  solid 
oxide  (or  coating)  is  present.  Moreover,  Table  48  shows  that  large  values 
of  T(CALC) /T(OBS)  are  characteristic  for  some  of  the  materials.  The 
occurrence  of  ratios  which  are  larger  than  unity  implies  resistance  to 
energy  absorption  by  the  material.  Thus,  exposure  of  HfB2+SiC(A-4)  and 
HfC+C(C-ll)  to  identical  stream  conditions  (i.  e. ,  stagnation  pressure, 
enthalpy  and  coid  wall  heat  flux)  would  result  in  an  observed  surface  tem¬ 
perature  for  the  former  which  is  1,10/1.22  =  0.90,  or  11%  lower  than  the 
surface  temperature  reached  by  HfC+G(C-ll).  This  conclusion  would  ap¬ 
ply  if  stream  conditions  were  not  sufficient  to  produce  melting  of  HfB?  + 
SiC(A-4).  At  lower  levels,  KT-SiC(E-14),  WSi2/W(G-18)  and  Sn-A7 /Ta- 
10W(G-19),  which  exhibit  T(CALC) /T(OBS)  ratios  of  1.43,  1.54  and  1.41, 
respectively,  demonstrate  similar  resistance  to  energy  transfer.  Al¬ 
though  the  origin  of  this  resistance  is  not  clear  at  present,  it  is  probably 
due  to  blocking  effects  caused  by  evolution  of  gaseous  oxides.  These  ob¬ 
servations  suggest  a  method  of  ranking  the  behavior  of  the  refractory 
materials  which  differs  from  the  present  recession  vs.  temperature  curves 
(Figures  1-8).  In  Reference  (6),  an  alternative  method  of  presentation 
which  compares  recession  rate  as  a  function  of  heat  flux  and  enthalpy  for 
the  candidate  materials  is  considered.  This  method  does  not  require  a 
knowledge  of  the  spectral  or  the  normal  emittance  and  integrates  the 
blocking  effects  characteristic  of  each  material. 
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E.  Summary 

Present  results  for  HfB2,  i(A-2)  and  ZrB2(A-3)  in  the  HG/CW 
arc  plasma  tests  show  a  marked  difference  between  the  recession  rates 
at  a  given  surface  temperature  and  those  observed  at  the  same  surface 
temperature  in  furnace  tests  (4).  As  shown  in  Figure  1,  an  oxidation 
depth  of  20  mils  in  30  minutes*ls  obtained  in  an  arc  plasma  test  at  5000  F 
while  the  same  oxidation  depth  can  be  produced  at  3500°F  in  a  furnace 
test.  Alternatively  a  100  mil  oxidation  depth  is  observed  in  a  furnace  test 
at  4000°F  after  30  minutes  while  comparable  oxidation  depths  are  not  ob¬ 
tained  in  arc  plasma  tests  below  5500°F.  The  source  of  this  difference 
is  the  temperature  gradient  through  the  oxide  as  indicated  in  Section  I. B. 
Thus,  oxidation  occurs  slowly  until  temperatures  are  high  enough  to  cause 
melting  of  the  boride.  The  excellent  long-time  oxidation  resistance  ofthis 
material  at  4000°F  is  illustrated  in  Figures  40  and  41. 

Cyclic  exposures  of  ZrB2(A-3)  and  HfB?  i(A-2)  were  per¬ 
formed  to  assess  the  effects  of  heating  and  cooling  in  three  600-second 
cycles.  At  the  lowest  level  ZrB2(A-3)  exhibited  a  recession  equivalent 
to  that  observed  in  an  1800  second  test.  At  higher  levels  ZrB2(A-3)  ex¬ 
hibited  larger  recessions  for  cyclic  exposures  than  in  the  case  of  un¬ 
interrupted  1800  second  tests.  By  contrast,  the  cyclic  tests  performed 
on  HfBg  did  not  result  in  larger  recessions  than  the  uninterrupted  tests. 
Motion  picture  coverage  indicated  that  the  oxide  formed  on  HfB2.  l(A-2) 
exhibited  greater  tenacity  under  these  conditions  than  did  the  oxide  formed 
on  ZrB;>(A-3).  The  latter  flaked  off  between  cycles.  As  indicated  in 
Section  II.  B.  1,  preoxidation  of  HfB2(A-2)  to  form  a  10  mil  coating  did  not 
result  in  noticeable  changes  in  behavior. 

Reference  to  Table  3  shows  that  the  ZrB2(A-3)  material 
employed  in  these  tests  did  not  exhibit  any  thermal  stress  failures  at 
flux  levels  as  high  at  950  BTU/ft^soc,  In  contrast  to  the  HfB2,  i(A-2) 
material  discussed  in  Section  II.  B,  1,  the  (A-3)  material  was  mechanically 
sound  and  did  not  exhibit  the  flaws  shown  by  the  (A-2)  in  the  nondestructive 
tests  prior  to  exposure  (see  Sections  IV.B,C  and  Tables  15,  16  of  Refer¬ 
ence  1),  However,  Boride  Z(A-5)  was  found  to  be  very  susceptible  to 
thermal  shock  failure.  Figures  59a  and  59b  show  Boride  Z(A-5)-4M  and 
8R  which  exhibit  thermal  shock  cracks  after  exposure  at  348  BTU/ft^sec 
and  3215  BTU/lb  and  262  BTU/ft^sec  aiui  9200  BTU/lb,  respectively. 

Thus,  flux  levels  above  200-250  BTU/ft2sec  appear  to  result  in  thermal 
shock  failures  of  Boride  Z. 

Boride  composites  HfB2+20%SiC(A-4)  and  (A- 7),  ZrB2+20% 
SiC(A-8)  and  HfB2+35%SiC(A-9)  were  found  to  exhibit  remarkable  oxi¬ 
dation  and  thermal  stress  resistance  in  HG/CW  arc  plasma  tests.  Al¬ 
though  these  materials  display  temperature  gradients  in  the  oxides,  the 
difference  between  the  arc  plasma  and  furnace  oxidation  depths  are 
small  (Figure  2).  This  finding  is  in  contrast  to  the  results  obtained  for 
HfB2.l(A-2)  and  ZrBg(A-3)  shown  in  Figure  1.  The  adherent  oxide  which 
forms  on  these  composit*  s  results  in  low  recessions  observed  after 
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exposures  in  the  3500^-4500  F  temperature  range.  In  addition,  (A- 4) 
exhibited  no  thermal  shock  failures  at  flux  levels  up  to  1000  BTU/ft^sec. 
Radiation  equilibrium  calculations  performed  for  exposures  of  these 
materials  showed  that  the  ratio  T(CAL.C)/t(OBS1  for  (A-2),  (A- 3)  and 
(A-4)  exceed  unity.  Thus,  the  observedtemperature  was  1 6%  lower  than 
expected  for  (A-2),  9%  lower  than  expected  for  (A-3)  and  22%  lower  than 
expected  (based  on  radiation  equilibrium)  for  (A-4).  Similarly,  the 
other  boride  composites  containing  SiC,  i.e.,  !  20%SiC(A-7), 

ZrB2+20%SiC(A-8)  and  HfB2+35%SiC(A~ 9)  yielded  ratios  of  1.25,  1.34 
and  1.17.  Moreover,  exposure  of  hemispherical  models  exhibited 
lower  surface  temperatures  than  those  observed  for  flat  faced  cylinders. 

Figures  71  and  72  show  metallographic  sections  of  (A-7)-28R 
exposed  for  thirteen  cycles  (each  of  1800  second  duration)  at  a  stagnation 
pressure  of  0.07  atm,  an  average  heat  flux  of  495  BTU/ft^sec  and  an 
enthalpy  near  10,300  BTU/lb.  Reference  to  Table  7  and  Figure  71  show 
that  the  total  recession  after  the  thirteen  cycle  exposure  was  15  mils. 

This  behavior  is  unrivaled  by  any  other  known  material  system. 

Figures  73  and  74  show  post  exposure  sections  through  (A- 7)- 
52M  after  14,  030  seconds  exposure  in  eight  1800-  second  cycles  at  a  stagnation 
pressure  of  1.03  atmospheres,  The  average  cold  wall  heat  flux  was  450 
BTU/ft2sec  at  an  enthalpy  level  of  4180  BTU/lb.  Total  recession  was  329 
mils  or  about  0.  33  inches.  Under  similar  conditions  graphite  and  tungsten 
would  exhibit  recessions  of  14  to  28  inches.  ZrB2+20%SiC(A-8)  displays  all 
of  the  same  features  shown  by  H£B2+SiC(A-7)  although  it  is  not  as  refractory 
as  its  hafnium  base  counterpart.  However,  the  decrease  in  temperature  re¬ 
sistance  is  compensated  for  by  the  reduced  density  and  cost.  Zirconium 
diboride  is  roughly  one  half  the  density  and  one  tenth  the  price  of  hafnium 
diboride.  A  few  tests  of  (A-8)  wore  shrouded  and  it  1b  interesting  to  note 
the  results  of  (A-8)-29M  in  which  a  graphite  shroud  was  employed  (Tables 
9  and  42).  Although  the  boride  exhibited  minimal  recession  (8  mils  in  1800 
seconds)  the  graphite  shroud  which  was  one  inch  long  ablated  completely  in 
500  seconds. 


Table  15  and  Figure  1  show  the  depletion  depths  for  ZrB2+ 
SiC(A-8)  as  a  function  of  temperature.  This  material  exhibited  the  low¬ 
est  SiC  depletion  rate  of  all  the  boride  composites.  In  addition,  the 
depletion  rate  in  the  current  HG/CW  arc  plasma  tests  were  observed 
to  be  less  than  depletion  rates  in  CG/HW  furnace  tests  at  comparable 
surface  temperatures. 

Measurements  of  the  temperature  gradients  through  oxide 
coatings  formed  on  ZrB2+SiC(A- 8)  yielded  results  which  are  smaller 
than  exhibited  by  ZrB2(A-3).  This  j!ug  appears  to  be  due  to  the 
higher  thermal  conductivity  of  the  ox:  formed  on  (A-8)  (as  compared 

with  (A-3))  (£0.  Consideration  of  J.'.bies  9  and  10  shows  that  ZrBj+SiC 
(A-8)  exhibits  the  same  tendency  to  develop  low  temperatures  as  (A-4) 
and  (A-7).  Thus,  tests  in  the  ROVERS  facility  at  flux  levels  below 
500  BTU/ft2  sec  and  in  the  Model  500  facility  at  flux  levels  below 
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350  BTU/ft  sec  develop  ratios  of  Ttr. at_C) /T(OBS)  whiGi  are  oi  the  order 
oi  i.bU.  This  feature  of  the  boride  composites  which  contain  SiC  permits 
a  wider  range  of  applicability  than  materials  which  exhibit  (T(CALC) /T(OBS)) 
near  unity. 


The  behavior  of  HfB2+35%SiC(A-9)  was  found  to  be  similar  to 
(A-4)  and  (A-7)  as  regards  the  T(CALC) /T(OBS)  comparison,  recession 
rate  vs.  temperature  for  HG/CW  arc  plasma  teats  and  furnace  exposures, 
depletion  depth  vs.  temperature  in  HG/CW  tests  as  a  function  of  tempera¬ 
ture,  etc.  The  major  difference  is  that  (A-9)  is  less  refractory  than  (A-4) 
and  (A-7). 


Recession  rates  observed  for  graphites  in  HG/CW  arc  plasma 
tests  are  substantially  higher  than  those  observed  in  CG/HW  furnace  tests 
at  1-9  ft/ sec  air  flow  rate  (4).  This  indicates  that  the  latter  are  supply 
limited.  As  indicated  earlier  (5),  the  results  of  high  velocity  GG/HW tests 
on  graphite  at  air  flow  rates  near  250  ft/ sec  approach  the  results  obtained 
in  the  arc  plasma  exposures.  Modest  temperature  gradients  were  measured 
through  graphite  samples  during  HG/CW  tests.  Limiting  survival  condi¬ 
tions  for  Si/RVC(B-8)  determined  under  HG/CW  conditions  depart  from  the 
behavior  in  furnace  testa  and  correspond  to  the  failure  characteristics  ob¬ 
served  for  silicon  carbide  in  HG/CW  tests.  In  the  arc  plasma  tests,  Si/RVC 
(B-8)  exhibits  protective  oxidation  up  to  surface  temperatures  near  3800°F, 
some  700°F  above  the  failure  temperature  in  furnace  teste.  Graphite-type 
behavior  occurs  above  this  temperature.  At  one  atmosphere  stagnation 
pressure,  coating  burn-off  occurs  after  735  seconds  at  470  BTU/ft^sec 
and  3720  BTU/lb.  At  a  stagnation  pressure  of  0.01  atmospheres  protec¬ 
tive  behavior  was  observed  in  a  30  minute  exposure  at  210  BTU/ft^sec  and 
8850  BTU/lb. 

The  recession  rates  of  all  of  the  graphites  are  inversely  pro¬ 
portional  to  material  density.  Glassy  Carbon  (B-ll)  appeared  to  melt 
during  exposure.  No  post  exposure  examination  could  be  made  since  the 
sample  was  completely  destroyed.  Since  glassy  carbon  is  not  reported  to 
melt  at  one  atmosphere,  the  only  explanation  of  such  an  observation  must 
be  made  on  the  basis  of  surface  contamination  of  the  sample  by  tungsten 
or  copper  (from  the  arc  electrodes)  and  melting  of  the  alloy.  This  con¬ 
clusion  is  based  on  the  findings  at  Lockheed  (5), 

Hypereutectic  carbides  HfC+C(C-ll)  and  ZrC+C(C-12)  ex¬ 
hibited  excellent  oxidation  resistance  at  surface  temperatures  below  5000°F 
and  melted  under  very  high  temperature  conditions  in  line  with  reported 
melting  points.  The  present  results  are  consistent  with  the  eutectic  tem¬ 
peratures  but  show  little  dependence  on  the  melting  point  of  the  oxides. 
Current  data  indicate  comparable  oxidation  rates  in  the  CG/HW  and  HG/CW 
testa.  No  thermal  shock  failures  were  noted  at  flux  levels  up  to  750  BTU/ 
ft^sec.  In  line  with  the  oxidation  behavior  noted  in  furnace  tests,  the 
HG/CW  arc  plasma  tests  show  a  "puffy"  oxide  which  forms  at  the  lower 
temperatures  investigated.  This  oxide  has  been  noted  in  air  oxidation  tests 
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performed  in  furnaces  below  3400°F  (4).  Rapid  oxidation  occurs  at  the 
back  of  samples  where  the  surface  temperature  is  lower  than  at  the  front 
face.  This  is  another  characteristic  of  the  HfC+C(C-ll)  oxidation  which 
is  in  line  with  the  furnace  test  results  (4).  The  oxidation  behavior  of 
samples  containing  13.6  w/oC  does  not  appear  *n  differ  materially  from 
samples  fabricated  from  the  billets  which  contain  14.  0  to  15.  6  w/o  carbon. 
The  behavior  of  ZrC+C(C-12)  in  the  HG/CW  arc  plasma  tests  was  found  to 
be  similar  to  that  of  HfC+C(C-ll). 

KT-SiC{E-14)  exhibited  rapid  recession  rates  at  surface 
temperatures  above  3900°F.  This  is  some  400°F  above  the  limit  ob¬ 
served  in  furnace  tests  and  in  line  with  the  results  obtained  for  Si/RVC 
(B-8). 


Composites  of  borides,  carbides  and  graphites  including  ZrB2+ 
SiC+C(A~10),  JTA(C-ZrB2-SiC)(D-13),  JT0992(C- HfC-SiC)(F-15)  and 
JT0981(C-ZrC-SiC)(F-16)  exhibited  HG/CW  test  results  which  were  com¬ 
parable  to  their  CG/HW  behavior.  At  elevated  temperatures,  destruction 
of  the  protective  oxide  coating  leads  to  graphite-type  recession  behavior. 
ZrB2+SiG+C(A-10)  exhibits  the  best  oxidation  resistance  in  this  group  ow¬ 
ing  the  fact  that  it  contains  the  largest  percentage  of  boride.  In  addition, 
it  exhibits  lower  recession  rates  in  the  HG/CW  tests  than  in  the  CG/HW 
tests  as  is  the  case  for  ZrB2(A-3).  Melting  of  ZrB2+SiC+C(A-10)  is  en¬ 
countered  near  5000°F  where  substantial  differences  between  low  pressure 
and  one  atmosphere  oxidation  rates  are  observed.  Thermal  Bhock  failures 
were  not  observed  at  flux  levels  up  to  1010  BTU/ftzsec.  The  low  density 
(4.5  gms/cnrm),  high  strength,  low  modulus  and  good  machinability  ex¬ 
hibited  by  this  composite,  when  coupled  with  its  oxidation  resistance  up 
to  5000°F,  offer  an  exceptional  combination  of  properties. 

In  general,  the  behavior  of  the  (A- 10)  composite  is  quite 
similar  to  that  exhibited  by  (A-4),  (A-7)  and  (A-8)  discussed  earlier  in 
Sections  II.  B -3,  5  and  6.  However,  (A-IO)  is  not  as  refractory  as  (A-4) 
and  (A-7).  Howover,  the  lower  density  and  cost  as  well  as  the  thermal  stress  resist¬ 
ance  and  machining  characteristics  of  this  composite  provide  compensating 
advantages.  Figures  109-112  show  sections  through  (A-10)-24M  and(A-lO)- 
26R  after  exposure  for  times  up  to  21,  600  seconds  near  4500°F  with  total 
recessions  of  the  order  of  100  mils.  This  behavior,  which  was  discussed 
in  Section  I. B  shows  striking  evidence  for  the  applicability  of  this  material 
in  reusable  lifting  reentry  spacecraft, 

Exposures  of  hemispherical  models  of  (A-10)  indicate  that 
the  observed  temperature  was  60%  lower  than  expected.  This  behavior 
(noted  earlier  with  (A-7)  and  (A-8)  in  Sections  H. B.4  and  H.B.6),  char¬ 
acterized  by  lower  temperatures  achieved  with  hemispherical  models 
than  with  flat  faced  models  is  not  understood  at  present.  Nevertheless, 
the  practical  implications  of  this  finding  are  substantial.  For  example, 
(A-10J-25R,  26R,  40R  and  41 R  (which  were  flat  faced  models)  exposed 
at  conditions  similar  to  (A-10)-37R  and  38R  (i.  e.,  500  BTU/ftzsec,  7700 
BTU/lb,  0.  15  atm)  exhibited  temperatures  near  5000°R  in  contrast  to 
(A-10J-37R  and  38R  which  exhibited  temperatures  near  3700°R.  Naturally 
the  hemispherical  models  exhibited  lower  recession  rates.  Sample  (A-10)- 
37RH  is  shown  after  sectioning  in  Figures  113  and  114. 
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Similarly,  sample  (A-10) -48RH  was  exposed  to  four  expo¬ 
sures  at  ascending  flux  levels  until  evidence  of  melting  was  noted. 
Melting  of  this  hemispherical  capped  model  was  not  observed  to  occur 
until  fluxc s  near  850  BTU/ft^sec  were  attained.  Flat  faced  models 
melted  near  650  BTU/ft^sec. 

Figures  194  and  195  show  sample  (D-13)-48MX  after  4 
cyclic  exposures  at  a  stagnation  enthalpy  of  4350  BTU/lb,  stagnation 
pressure  of  1,01  atm  and  a  cold  wall  heat  flux  of  380  BTU/ft^sec.  Each 
exposure  was  1800  seconds  long  making  the  total  exposure  time  7200 
seconds.  The  average  recession  was  118  mils.  This  test  can  be  com¬ 
pared  with  (A- 10} -24  shown  in  Figure  109  which  exhibited  a  recession 
of  104  mils  after  12  cycles  (1800  seconds  each)  totalling  21,600  seconds 
under  comparable  conditions. 

Figures  196  and  197  show  sample  (D-13)-49RX  after  4  cyclic 
exposures  at  a  stagnation  pressure  of  0.57  atmospheres  at  a  stagnation 
enthalpy  of  9600  BTU/lb  and  a  cold  wall  heat  flux  of  440  BTU/ft^sec. 
Each  exposure  was  1800  seconds  long  making  the  total  exposure  time 
7200  seconds.  Total  recession  for  this  test  was  45  mils.  By  compari¬ 
son,  (A-10)-26R  exposed  for  18,  951  seconds  at  comparable  heat  flux 
and  enthalpy  and  a  higher  pressure  (0,238  atm)  exhibited  a  recession 
of  83  mils  as  shown  in  Figure  111, 

As  indicated  in  Reference  (3)  extensive  precautions  have 
been  taken  in  order  to  insure  that  temperature  measurements  of  the 
model  surface  are  accurate.  In  general,  the  comparison  of  observed 
surface  temperatures  in  HG/CW  arc  plasma  tests  with  values  calculated 
from  stream  conditions  are  in  relatively  good  agreement.  Moreover,  a 
number  of  temperature  measurements  employing  two  color  pyrometers 
yielded  good  results  (page  8  of  Reference  (^)).  In  order  to  obtain  addi¬ 
tional  verification  of  the  surface  temperature  measurements,  the  melt¬ 
ing  points  of  tungsten  and  molybdenum  were  measured  in  the  arc  facil¬ 
ities  using  pure  nitrogen  streams  for  comparison  with  accepted  values. 
The  results  of  these  teats  are  shown  in  Table  29  and  in  Figure  230. 

The  relative  good  agreement  obtained  in  these  tests  should  eliminate 
concern  over  the  accuracy  of  surface  temperature  measurements  due 
to  interference  of  the  arc  with  optical  observations. 

A  substantial  number  of  thermal  shock  failures  of  JTA(D-13) 
and  JT0981(F-16)  have  been  observed.  For  JTA(D-13),  these  failure** 
occurred  in  random  fashion  at  flux  levels  above  500  BTU/ft^eec.  The 
samples  which  failed  by  thermal  shock  were  machined  from  2-1/2" 
diameter  x  2"  long  billets  of  JTA(D-13)  in  an  orientation  which  cor¬ 
responded  to  the  hot  pressing  direction,  Thus,  the  axis  of  the  arc 
plasma  test  sample  was  parallel  to  that  of  the  hot  pressed  cylinder. 
Under  these  conditions,  residual  strain  present  in  the  billets  and  in 
the  samples  could  provide  a  source  of  the  failures.  However,  a  series 
of  samples  oriented  with  their  axes  prependicular  to  the  pressing 
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direction  showed  no  thermal  shock  failures  at  flux  levels' in  excess  of 
500  BTU/ft^sec.  This  finding  has  particular  relevance  to  applications 
in  which  JTA(D-13)  parts  ar  e  exposed  to  severe  environmental  heat 
fluxes.  JT0992(F-15)  did  not  exhibit  sensitivity  to  thermal  shock. 

The  behavior  of  these  composites  is  char  acterized  by  low 
recession  rates  at  temperatures  between  3000°F  and  4500°F,  best 
illuatrated  in  Zr.B2+SiC+C(A-10)  and  JT0992(F-15)  at  temperatures 
up  to  4500°F.  Above  5000°F,  the  protection  afforded  by  formation  of 
ZrOj;  (or  HfO^)  and  SiC>2  is  eliminated  and  oxidation  rates  which  are 
characteristic  of  graphite  are  encountered. 

Failure  limits  for  the  coated  refractory  metals  WSi^/W 
(G-18)  and  Sn-A//Ta-  10W(G-19)  have  been  established  in  general  agree¬ 
ment  with  furnace  tests.  Maximum  survival  conditions  for  WSig/W 
(G-18)  are  450  BTU/ft2sec  and  3100  BTU/lb  at  Pe  =  1  atm.  At  lower 
pressures,  failure  was  observed  at  458  BTU/ft2sec  and  11,420  BTU/lb. 
Coating  failure  conditions  were  established  for  Sn-AI/Ta-10W(G-19)  at 
lower  flux  and  enthalpy  levels.  Modest  temperature  gradients  were 
measured  through  WSi2/W(G-18)  arc  plasma  test  samples. 

Current  results  for  W+Zr+Cu(G-20)  indicate  relatively  good 
resistance  to  oxidation  at  10,000  BTU/lb  and  500  BTU/ft2sec  at  0. 100 
atm  in  agreement  with  the  findings  of  Schwarzkopf  (5).  However,  in  the 
Model  500  tests  at  1  atmosphere  stagnation  pressure,  very  rapid  degra¬ 
dation  was  observed  at  much  lower  flux  and  enthalpy  levels.  Thus  W  + 
Zr+Cu(G-20) -1M  exhibited  a  recession  of  147  mils  after  157  seconds  at 
1.03  atm,  2970  BTU/lb  and  315  BTU/ft2sec.  This  behavior  indicates 
that  the  mechanism  of  degradation  is  sensitive  to  pressure  in  the  0. 1- 
1.0  atmosphere  range.  The  precise  nature  of  the  degradation  mechanism 
which  is  operative  is  not  clear  at  present.  The  results  obtained  for  W+ 
Ag(G-21)  in  the  Model  500  teats  at  stagnation  pressures  of  one  atmosphere 
were  comparable  to  the  results  for  (G-20). 

The  silica-tungsten  composites  S102+68.5  w/o  W(H-22)  and 
SiO2+60  w/oW  (H-23)  exhibited  similar  recession  behavior  in  the  one 
atmosphere  HG/CW  arc  plasma  tests  as  encountered  in  the  CG/HW  fur¬ 
nace  tests.  At  low  pressures,  higher  recession  rates  were  observed 
due  to  instability  of  SiC^  relative  to  SiO,  At  temperatures  above  4000°PJ 
extensive  flow  of  this  composite  was  observed,  in  agreement  with  the 
furnace  test  findings.  Samples  exposed  at  one  atmosphere  showed  sting 
hole  cracking. 

Arc  plasma  exposures  of  Hf-20Ta-2Mo(I-23)  exhibited  lower 
oxidation  rates  than  in  the  CG/HW  tests  at  comparable  surface  tempera¬ 
tures.  In  addition,  several  samples  with  indicated  surface  temperatures 
in  excess  of  the  melting  point  of  the  alloy  did  not  melt.  Current  results 
indicate  that  gradients  of  1500°F  can  exist  through  100  mils  of  alloy  and 
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oxide.  This  behavior  is  the  basis  for  the  surface  temperature  in  the  4000° 
5Q00°F  range  which  were  not  accompanied  by  melting  of  the  alloy 

Test  (I-23)-27M  was  exposed  to  seven  cyclic  exposures  at  a 
stagnation  pressure  of  1.05  atmospheres,  a  stagnation  enthalpy  of  3300 
BTU/lb  and  a  cold  wall  heat  flux  of  410  BTU/ft^sec.  The  observed  sur¬ 
face  temperature  was  4230°F  and  a  recession  of  138  mils  was  observed 
after  an  exposure  of  11,  600  seconds  in  cycles  of  1800  second  duration. 

This  behavior  is  not  quite  as  good  as  that  exhibited  by  ZrB->+20%SiC 
(A-8)-17M  shown  in  Figure  83  or  ZrB2+SiC+C(A-10) -24M  shown  in  Fig¬ 
ure  109.  These  samples  ran  for  longer  times  under  more  severe  con¬ 
ditions  than  did  (I-23)-27M  and  exhibited  less  recession.  Nevertheless, 
Hf-20Ta-2Mo(I-23)  is  metallic  and  as  such  offers  advantages  as  regards 
fabrics, bility  and  resistance  to  thermal  stress.  On  the  other  hand  (A-8) 
and  (A-10)  possess  higher  strength  and  more  temperature  capability  (6) 
than  (1-23). 


Figure  288  illustrates  the  results  obtained  with  Hf-Ta-Mo 
(1-23) -28R  after  a  4  cycle  exposure  at  a  stagnation  pressure  of  0. 132 
atm,  an  enthalpy  of  7600  BTU/lb  and  a  cold  wall  heat  flux  of  398  BTU/ 
ftZ  sec.  Total  exposure  time  was  7220  seconds  yielding  a  recession  of 
55  mils.  As  indicated  above,  boride  composites  shown  in  Figures  71, 

91  and  111  exposed  to  more  severe  conditions  in  the  ROVERS  facility 
exhibited  less  recession.  However,  the  behavior  of  H£-Ta-Mo(I-23)- 
38R  is  outstanding  for  a  metallic  structure. 

Present  results  for  Ir/C(I-24)  are  in  general  agreement  with 
the  CG/HW  tests  (4),  which  showed  that  iridium  exhibits  very  low  oxida¬ 
tion  rates  up  to  its  melting  temperature  at  4430°F,  The  temperature  of 
the  iridium -carbon  eutectic  is  4175°F.  Reference  to  Figure  8  shows  that 
samples  exposed  to  higher  conditions  exhibited  melting  of  the  coating  and 
ablation  of  the  graphite.  The  major  drawback  of  this  coating  system  is  the 
low  omittance  of  the  iridium  («  =  0.30).  However,  addition  of  HfO^  raised 
the  omittance  to  values  near  0.50  and  extended  the  range  of  conditions  under 
which  the  coating  can  be  used.  Thus,  examination  of  Table  39  shows  that 
the  pure  coating  is  destroyed  at  flux  levels  in  excess  of  310  BTU/ft^sec. 

At  flux  levels  below  300  BTU/ft^sec  the  coating  is  hardly  affected.  How¬ 
ever,  at  higher  levels  melting  followed  by  rapid  ablation  occurs. 

In  contrast,  whenHfC>2  is  added  to  increase  the  emittance, 
failure  does  not  occur  until  the  flux  level  reaches  510  BTU/ft^sec  (i.e., 
Table  39  -36MRA  and  36MRB).  Thus,  although  Ir/C(I-24)  has  excellent 
temperature  capability  to  temperatures  near  4200°F,  it  has  very  low 
resistance  to  stream  conditions.  In  fact  (6),  if  heat  flux/enthalpy 
characteristics  are  used  as  a  yardstick,  Ir/C(I-24)  ranks  below  Si/RVC 
(B-8),  described  in  Table  19.  even  though  the  latter  has  a  temperature 
limit  near  3200°F.  The  difference  is  caused  by  the  fact  that  (B-8)  has 
a  higher  emittance  than  (1-24),  0,  69  vs.  0.36,  and  a  higher  T(CALC)/ 

T(OBS)  ratio,  1.36  vs.  1.21. 
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Temperature  gradients  have  been  measured  through  100 
and  400  mil  walls  of  ZrB2(A  3),  Hf E 2  i+20%SiC(A -?},  ZrB2+20% 

SiC( A-8) ,  ZrB2+SiC+C(A-10),  RVA(B-5),  WSi2/W(G- 18)  and  Hf-20Ta- 
2Mo(I-23).  Tables  40-47  detail  the  time-temperature  histories  ob¬ 
tained  in  these  tests.  Figures  302-312  show  the  time-temperature  data 
graphically.  Calculations  of  the  temperature  gradients  through  the 
test  cylinders  described  by  Figures  302-312  are  presented  in  Section 
VII  of  Reference  (6).  These  calculations  are  based  on  side  losses  due 
to  radiation  and  conduction  down  the  length  of  the  model  but  no  heat 
loss  via  conduction.  In  general,  relatively  good  agreement  between 
observed  and  calculated  temperature  gradients  has  been  obtained  in 
view  of  the  simple  model  employed. 

Measurements  of  total  normal  emittance  have  been  pro¬ 
vided  for  all  of  the  candidate  materials  based  on  radiated  heat  flux 
observations  during  HG/CW  exposures.  Averaged  values  obtained 
for  solid  oxides  formed  during  exposure  are  higher  than  normal 
emittance  values  observed  for  melting  surfaces.  Comparison  of  cal¬ 
culated  surface  temperatures  based  on  stream  conditions  with  those 
observed  yields  relatively  good  results.  However,  systematic  dif¬ 
ferences  worthy  of  note  have  been  observed.  Calculated  temperatures 
are  quite  close  to  those  observed  when  melting  occurs,  hut  when  solid 
coatings  are  pres..., .  actual  temperatures  are  below  values  computed 
from  stream  cond.  ■  ns  and  the  assumption  of  radiation  equilibrium. 
Moreover,  materials  containing  silicon  carbide  achieve  lower  surface 
temperatures  during  exposure  Sian  predicted  on  the  basis  of  stream 
conditions.  As  a  consequence,  the  overall  behavior  of  these  materials 
under  HG/CW  conditions  appears  to  be  better  than  under  CG/HW  fur¬ 
nace  test  conditions. 

The  present  results  illustrate  the  difference  between  solid 
oxide  formers  and  graphites.  The  latter  group  exhibit  increasing  oxi¬ 
dation  rates  with  increasing  pressure  while  the  former  show  little  pres¬ 
sure  effect.  When  the  solid  oxide  formers  are  exposed  to  stream  con¬ 
ditions  at  one  atm,  which  result  in  surface  temperatures  below  their 
melting  points,  they  exhibit  recession  rates  100  to  1000  times  less  than 
graphites  do  under  comparable  conditions.  Coated  metals  and  silicon 
carbide  degrade  at  temperatures  comparable  to  those  observed  in  CG/HW 
furnace  tests.  These  limits  are  due  to  melting  or  rapid  vaporization. 
However,  at  a  given  surface  temperature,  the  solid  oxide  formers  exhibit 
much  lower  recession  rates  under  HG/CW  arc  plasma  test  conditions 
than  in  a  CG/HW  air  oxidation  furnace  test.  This  may  be  due  to  large 
temperature  gradients  across  the  oxide  which  occur  in  the  HG/CW  tests. 
Conversely,  graphites  exhibit  higher  recession  rates  in  the  HG/CW  arc 
plasma  tests  than  in  the  CG/HW  furnace  tests  due  to  artificial  oxygen 
supply  limits  imposed  by  the  air  flow  limitations  of  the  latter  tests. 


III.  RESUT_.TR  OTP  HCt/CW  ARC  PLASMA  SPLASH  TESTS 

IN  THE  AV CO  TEN  MEGAW ATT~F3TCTLIT Y 

A  limited  number  of  tests  were  conducted  early  in  the  program  to 
establish  thermal  stress  failure  thresholds  at  low  enthalpy  levels.  Al¬ 
though  this  phenomena  is  quite  complex,  the  tests  were  conducted  in  order 
to  determine  flux  thresholds  for  shock  failure  for  cylinders  of  borides  and 
boride  composites  with  different  diameters.  Subsequent  results  obtained 
for  hemispherical  caps  (vs.  flat  faced  cylinders)  which  are  reported  in 
Section  IIB  indicate  that  these  thresholds  will  depend  upon  sample  shape 
as  well  as  sample  diameter.  Descriptions  of  the  facilities,  techniques 
and  samples  employed  in  these  tests  have  been  presented  in  Sections  IID- 1 
and  IID-2  of  reference  (3)  and  Section  VIE  of  reference  (_1_). 

A.  Results  of  Ten  Megawatt  Arc  Exposures 

1 .  Calculation  of  Transient  Thermal  Gradients 
in  Boride  Cylinders 

Since  the  present  series  of  exposures  were  of 
relatively  short  duration  (maximum  of  twenty  seconds)  a  series  of  one 
dimensional  heat  transfer  calculations  were  performed  for  hafnium  di¬ 
boride  and  zirconium  diboride  in  order  to  compute  the  transient  thermal 
gradients  through  the  cylinders.  The  values  of  density,  p,  specific  heat, 
Cp,  and  thermal  conductivity,  k,  employed  in  these  calculations  are  shown 
in  Figure  313,  while  the  results  are  shown  in  Figures  314a  and  314b  and 
in  Table  49.  The  calculations  were  performed  for  one  inch  thick  samples 
employing  the  properties  of  diboride  compounds  (12).  Figure  314  and 
Table  49  indicate  that  temperature  gradients  of  2HT0°F  in  250  mils  can 
exist  at  a  flux  level  of  1000  BTU/ft^sec  and  an  enthalpy  of  2000  BTU/lb 
at  two  seconds.  These  gradients  are  most  severe  near  the  front  (hot 
face)  of  the  cylinder.  After  twenty  seconds,  the  thermal  gradients  are  re¬ 
duced  to  800°F  in  250  mils.  Reference  to  Table  50  indicates  that  the 
ratio  of  the  computed  temperature  for  radiation  equilibrium  (Eqs.  2,  3) 
divided  by  the  observed  surface  temperature  is  approximately  1.3. 

2.  Test  Results 

Table  50  summarizes  the  results  of  the  present 
tests.  Headings  include  stream  conditions,  sample  diameter,  cold  wall 
heat  flux,  maximum  observed  surface  temperature  and  computed  surface 
temperatures  based  on  radiation  equilibrium  (Eqs.  2  and  3).  In  addition, 
exposure  time,  recession  depth,  degradation  mode  and  metallographic 
features  are  summarized.  The  result  of  pre-  and  post-exposure  non¬ 
destructive  test  data  are  given  in  reference  (1).  Cases  where  samples 
are  numbered  A  and  B  (i.  e. ,  HfBg,  j  +  20%SfC (A-4)(HF-Z5A  and  25B)) 
indicate  situations  where  a  sample  was  run  consecutively  under  two 
different  conditions.  Samples  ZrB^  (HF-17)  and  HfB->(  ^(A-6)(HF-20) 
were  the  only  models  exhibiting  cracks  prior  to  testing.  Neither  sample 
failed  because  of  these  flaws.  Figures  315-317  show  post  exposure  photo¬ 
graphs  of  the  10MW  samples.  Reference  to  Figure  315  shows  obvious 
thermal  shock  failure  of  HfB2.  i(A-2)(HF- 1),  HfB2,  i(A-6)(HF-20), 
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HfB2  i  +  20%SiC{A-  4)(HF-25 , 26 , 36  and  38).  Similarly,  Figure  316  shows 
that  HfB2,  1  +  20%SiC(A-7)(HF- 19B  and  33)  and  ZrB2(A-3)(HF-5, 6  and 
7B)  failed  by  thermal  shock.  Finally,  Figure  317  shows  thermal  shock 
failures  for  ZrB2(A-3)(HF-  1  3,  14  and  15),  ZrB2(ManLabs-Avco)(HF-22), 
Boride  Z(A-5)(HF-ll  and  12)  and  ZrB2  +  20%SiC(A-8){HF-23B).  The 
occurrence  of  clear  thermal  shock  failures  appears  to  depend  on  material 
and  sample  diameter.  Table  51  summarizes  the  results  and  states 
tentative  fracture  thresholds  for  the  boride  samples  tested.  For  example, 
HfB2  +  SiC(A-7)  survived  a  flux  of  948  BTU/ft2  sec  in  the  one  half  inch 
diameter  size  but  fractured  at  840  BTU/ft^sec  in  the  7/8  inch  diameter 
size.  Boride  Z(A-5)  did  not  survive  the  lowest  fluxes  employed.  This 
is  in  line  with  the  results  of  Model  500  and  ROVERS  exposures  discussed 
in  Section  IIB-4.  In  line  with  the  above  mentioned  effect  of  sample  size, 
specimens  of  ZrB,  +  SiC(A-8)  have  been  tested  under  AF33(6  1 5)367  1  at 
flux  levels  of  2200-2400  BTU/ft^sec,  stagnation  pressures  of  17-18  atm 
and  enthalpies  near  1450  BTU/lb.  Surface  temperatures  between  3700  F 
and  4000  F  were  noted  for  symmetrical  wedge  models  of  a  sharp  leading 
edge.  The  models  were  two  inches  long,  one  half  inch  wide  and  one 
quarter  inch  thick.  Thirty  and  forty-five  degree  wedge  angles  were  em¬ 
ployed  with  a  30  mil  radius  of  curvature.  Three  samples  of  ZrB2  +  SiC 
(A- 8)  were  exposed  for  15  seconds  and  survived  with  little  erosion  and 
no  thermal  shock  failures  (8). 

Subsequent  to  exposure,  samples  were  examined 
nondestructive^  by  dye  penetrant  techniques  and  then  sectioned  for 
metallographic  investigation.  This  procedure  showed  the  presence  of 
fine  cracks  which  were  not  evident  after  exposure.  The  observations 
made  after  sectioning  confirmed  the  NDT  results  shown  in  reference  (_1_) 
and  Table  50.  Figures  318-323  show  post  exposure  sections  of  HfBo  7 
(A-  2)(HF -2) ,  HfB,  ,(A-6)(HF-2 1 ) ,  HfB2  +  20%SiC(A- 4)(HF-37),  HfB2  + 
20%SiC(A-7)(HF-  fl  and  18)  and  ZrB2(ManLabs-Avco)(HF- 17)  which  did 
not  thermal  shock.  As  indicated  in  Table  50,  all  of  the  7/8  inch  diameter 
samples  contain  cracks.  As  indicated  in  Table  50  and  in  Figures  318- 
323,  most  of  these  cracks  are  between  100  and  400  mils  from  the  front 
face  of  the  samples.  Reference  to  Figure  314  and  Table  49  indicates 
thermal  gradients  of  1400  F  in  500  mils  in  the  vicinity  of  the  fracture 
point . 
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IV.  HOT  GAS/ COLD  WALL  ARC  PLASMA  PIPE  TESTS  IN  THE  AVCO 
TEN  MEGAWATT  FACILITY 


A.  Introduction 


The  purpose  of  this  phase  of  the  program  was  to  examine  exper¬ 
imentally  the  performance  of  selected  candidate  materials  in  high  shear, 
turbulent  flow  steady- state  heating  environments.  In  particular,  these  tests 
attempted  to  simulate  conditions  at  points  beyond  the  sonic  point  where  tur¬ 
bulent  boundary  layer  f  w  prevails  over  the  major  heating  period.  A 
description  of  the  experimental  and  calibration  techniques  employed  is 
given  elsewhere  (see  pp,  21-24  of  Reference  3). 

Pipes  of  selected  materials  which  were  1-1/4"  long  with  a  75 
mil  wall  were  exposed*  The  candidate  materials  tested  were  HfB;>  l+ 
20%SiC(A-7),  ZrB2.  i+20%SiC(A-8),  ZrB2+SiC+C(A-10),  Si/RVC(B-8)*, 
KT-SiC(E-14)  and  Hf-20Ta-2Mo(I-23).  One  pair  of  pipe  samples  of  each 
material  was  tested  at  the  initial  test  conditions  of  3960  BTU/lb, 
qcw  =  ^80  BTU/ft^sec,  y  =  26. 8  lbs/ ft^.  Based  on  visual  inspection  of  the 
results,  conditions  for  the  second  pair  of  pipe  samples  were  either  in¬ 
creased  to  6000  BTU/lb,  590  BTU/ft^sec  and  26.4  lbs/ftZ  or  decreased 
to  3520  BTU/lb,  410  BTU/ftzsec  and  24.4  lbs/ft2. 

B.  Results  of  Pipe  Tests 

Table  52  and  Figures  324-326  summarize  the  results  of  these 
exposures.  The  material  designation,  sample  number,  position  in  the 
stream,  heat  flux,  enthalpy  and  shear  stress  are  given  in  Table  52.  As 
indicated  earlier  (3),  two  pipes  were  run  simultaneously.  In  each  case 
the  pipe  closest  to  the  exit  plane  of  the  arc  is  designated  as  occupying  the 
UP  position.  The  pipe  farthest  from  the  exit  plane  is  designated  as 
occupying  the  DOWN  position.  The  down  section  is  regarded  as  the  test 
section.  The  purpose  of  the  upstream  section  is  to  allow  damping  of  flow 
irregularities  and  weak  shockwaves  arising  from  the  supersonic  expansion 
processes  in  the  pipe  (3). 

Table  52  also  contains  information  covering  pre  and  post  expo¬ 
sure  weight  and  dimensions  for  each  sample.  Visual  observations  and 
description  of  motion  picture  film  coverage  are  also  summarized.  Refer¬ 
ence  to  Table  52  and  Figures  324-326  indicate  that  Si/RVC(B-8)  was  the 
only  candidate  material  to  survive  the  starting  and  "high"  test  condition. 
Post  exposure  examination  indicated  that  the  coating  was  burned  off  but 
that  the  pipes  remained  intact. 

All  other  candidate  materials  completely  failed  the  starting 
condition  except  for  ZrB2+SiC+C(A-10),  The  upstream  pipe  survived  as 


‘The  wall  thickness  of  the  Si/RVC(B-8)  pipes  were  140  mils.  The  pipe 
lengths  were  1.5  inches. 
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shown  in  Figure  325,  Thus ,  ZrB2 !  SiCtC{A-I0)  was  <uso  expoaea  to  the 
"high"  condition  at  590  BTU/ft2sec,  6000  BTU/lb  and  26.4  lbs/ft^  shear 
stress.  Under  these  conditions  the  downstream  sample  survived  while 
the  upstream  sample  thermal  shocked. 

The  Hf-Ta-Mo(I-23)  pipes  exposed  to  the  starting  conditions 
of  480  BTU/ft2sec,  3960  BTU/lb  and  26.4  lbs/ft2  shear  stress  melted 
badly  as  indicated  in  Figure  326.  However,  the  Hf-Ta-Mo(I-23)  pipe 
which  occupied  the  upstream  position  in  the  "low  test  condition’  did  not 
fail. 

Post  test  examination  of  the  pipes  reinforced  the  observa¬ 
tions  made  during  the  exposures  v/hich  indicated  that  heat  conduction  at 
the  "O"  ring  resulted  in  severe  temperature  gradients  (see  Figure  64  of 
Reference  (3)).  As  a  result  of  this  feature  of  the  tests,  it  is  difficult  to 
make  any  firm  quantitative  conclusions  about  the  results. 

Qualitatively,  the  results  indicate  the  fact  that  the  thermal 
stress  resistance  of  graphite  exceeds  that  of  the  boride  composites,  and 
that  ZrB2+SiC+C(A-10)  is  more  resistant  to  thermal  stress  failure  than 
HfB 2+Sio(A-7)  and  ZrB2+SiC(A-8)  which  do  not  contain  graphite  and  have 
higher  moduli  of  elasticity  than  (A- 10)  (1 1) . 
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A  limited  number  of  samples  were  exposed  in  the  CAL.  Wave  Super¬ 
heater.  A  description  of  the  nondestructive  tests  performed  on  the  models 
employed  is  contained  in  Section  IV.  D  of  Reference  (1_).  Section  IV.  D  of 
Reference  (3)  describes  the  facilities  and  techniques  employed  in  perform¬ 
ing  the  exposures. 

Analysis  of  the  result  obtained  from  models  exposed  in  the  Mach  6 
Wave  Superheater  Hypersonic  Tunnel  are  consistent  with  the  behavior  of 
these  materials  in  the  HG/CW  tests  in  the  Model  500  and  ROVERS  facili¬ 
ties.  Limited  recession  was  observed  due  to  the  short  exposure  time  (15 
seconds)  and  moderate  temperatures  (4000°F)  encountered  in  these  tests. 
Analytical  and  experimental  studies  of  the  relative  importance  of  con¬ 
duction  losses  for  hemispherical  shells  have  been  performed  in  order  to 
determine  the  origin  of  the  unexpected  behavior  of  1/2"  and  1"  hemispheri¬ 
cal  cap  models  of  Hf-20Ta-2Mo(I-23)  and  KT-SiC(E-14)  in  these  tests. 
Surprisingly,  it  was  noted  that  the  1"  diameter  caps  attained  a  higher 
temperature  level  than  the  1/2"  diameter  caps.  Although  the  origin  of 
this  result  is  not  definitely  established,  experimental  simulation  of  these 
tests  produced  a  similar  result  in  torch  tests  on  steel  samples,  and  analy¬ 
sis  has  defined  appropriate  shell  thickness /shell  diameter  ratios  required 
to  avoid  such  effects. 

A.  Description  of  Tests 

Sixteen  refractory  material  models  were  exposed  (HG/CW)  to 
the  high  velocity  flow  of  air  in  the  Mach  6  Wave  Superheater  Hypersonic 
Tunnel.  Data  were  taken  in  two  15  second  tests  of  eight  models,  each  at 
a  velocity  of  lO^ft/ sec,  a  stagnation  pressure  (at  the  model  nose)  of  one 
atmosphere,  and  a  tunnel  flow  rate  of  2.5  lb/ sec.  The  models  were  de¬ 
signed  to  permit  their  surface  temperature  to  approach  the  radiation/ 
aerodynamic  heating  equilibrium  value  during  each  exposure  to  the  test 
stream  at  q(R)*/2  »  90  BTU/ft3/2  sec.  As  indicated  earlier  (3),  the 
models  were  expected  to  reach  temperatures  in  excess  of  400ff°R, 

All  sixteen  models  tested  were  hollow  hemispherical  cylin¬ 
ders.  The  "elox"  process  was  used  to  bore  from  the  aft  end  to  provide 
a  uniform  material  thickness  which  was  nominally  1/8  inch.  The  diam¬ 
eter  of  the  bore  was  a  nominal  1/4  inch  for  the  thirteen  1/4  inch  nose 
radius  models  and  3/4  inch  for  the  three  1/2  inch  nose  radius  models. 

The  purpose  of  the  shell  or  "thimble"  design  was  to  promote  faster  wall 
temperature  response  so  as  to  approach  the  radiation  equilibrium  wall 
temperature  as  rapidly  as  possible.  A  sketch  showing  the  typical  model 
features  and  the  typical  attachment  to  their  stings  is  presented  in  Figure 
327,  Eight  models  and  a  single  1/4  inch  nose  radius  steady-heating  cop¬ 
per  calorimeter  were  mounted  in  the  tunnel  by  a  multiple  sting  arrange¬ 
ment  as  shown  in  Figure  328.  Tables  53  and  54  list  the  initial  dimensions 
and  sting  positions  occupied  by  each  model. 
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Motion  picture  coverage  of  the  tests  was  provided  as.  indicated 
earlier  (3).  Table  55  lists  the  camera  settings  employed  for  the  motion 
picture  coverage.  The  methods  employed  for  establishing  heat  flux,  en¬ 
thalpy  and  stagnation  pressure  were  described  in  Section  III  of  Reference 
(3).  Tables  56  and  57  summarize  the  results. 

As  indicated  above,  model  surface  temperatures  in  excess  of 
4000  R  were  anticipated.  Calculations  based  on  a  transient  heat  flux  cal¬ 
culation  were  presented  in  Section  III.  C  of  Reference  (3).  The  results  of 
these  calculations  are  reproduced  in  Tables  58  and  59  and  are  3'nown 
graphically  in  Figures  329  and  330. 

The  models  were  not,  in  themselves,  instrumented.  The 
calorimeter  had  one  chromel/ alumel  thermocouple  welded  to  the  back 
face  of  the  thermal  element.  The  models  were  observed  individually  by 
miniature  radiometers.  In  addition  to  individual  model  radiometers,  one 
ManLabs  Milletron  two-color  pyrometer  and  one  microphoto  graphic  cam¬ 
era  (Photosonics  #4)  were  arranged  to  observe  the  stagnation  point  of  the 
model  on  sting  number  one.  Two  Photosonics  cameras  (#2  and  #3)  were 
arranged  to  observe  all  models  from  the  right  (pilot's  view)  during  both 
runs.  To  obtain  test  conditions,  the  normal  complex  of  Wave  Superheater 
cycle  instrumentation  data  were  recorded  as  well  as  the  tunnel  throat  and 
nozzle  exit  static  pressure,  and  the  test  section  cabin  pressures.  All 
data  were  recorded  on  EFB  or  ERB  16  mm  film  and  a  CEC  optical  galvon- 
ometer  paper  recorder. 

Eight  hemisphere-cylinder  models  and  one  calorimeter,  as 
listed  in  Tables  53  and  54  were  expos  ed  in  each  (CAL  67-473  and  67-747) 
teat.  Tabulated  camera  settings  are  presented  in  Table  55.  The  facility 
functioned  normally  in  both  tests.  However,  the  model  instrumentation 
suffered  some  difficulties.  In  particular,  the  two-color  Milletron  gave  no 
deflection,  the  microphotographic  film  was  blank, and  the  test  section  win¬ 
dows  became  cloudy  during  the  first  test.  The  JT0992(F-15),  KT-SiC(E-14) 
(  one  inch  diameter)  and  Hf-20Ta-2Mo(l-23)  models  were  lost  during  the 
first  test,  but  the  latter  two  were  recovered  from  the  floor  of  the  tost 
cabin,  and  some  (but  not  all)  measurements  were  made  on  these  (see  Tables 
53  and  54). 


The  nozzle,  sting  assembly  and  windows  were  removed  and  the 
models  replaced  in  preparation  for  the  second  teat,.  The  Milletron  two 
color  pyrometer  was  switched  to  a  lower  scale  to  improve  ItB  sensitivity. 
The  second  set  ofmodels,  the  nozzle  and  the  cleaned  test  section  windows 
were  installed.  The  facility  functioned  normally  for  the  second  test.  Again, 
however,  there  were  difficulties  in  obtaining  model  data.  The  windows 
clouded  early  and  a  heavy  dust  deposit  was  found  throughout  the  test  cabin, 
which  has  never  before  been  observed.  This  dust  appeared  to  be  asbestos. 
The  recorded  data  show  no  deflection  on  any  of  the  nine  radiometers.  The 
dust  was  also  deposited  on  the  lenses  of  the  miniature  radiometers.  The 
microphotographic  film  was  blank  for  the  second  tests,  also. 
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The  miniature  radiometer  data  are  presented  in  Figure  331. 
Model  pre  and  post-test  measurements  are  included  for  convenience  in 
the  model  identification  and  location  data  of  Tables  53  and  54.  No  data 
were  obtained  from  the  Milletron  two-color  pyrometer  or  the  micro- 
photography  in  either  test.  No  data  were  obtained  from  the  miniature 
radiometer  during  the  second  test. 

The  one  inch  diameter  Hf-20Ta-2Mo(I-23)  model  which  was 
exposed  in  the  first  run  (473)  has  a  melting  temperature  of  38G0°F.  The 
post-test  examination  of  this  model  revealed  evidence  of  the  melt  having 
formed  during  the  test.  Since  it  is  evident  that  the  model  1-23-4  surface 
temperature  was  at  least  3860°F  during  die  test,  a  comparison  of  this 
result  with  that  of  Figure  331  (Tw  MAX  =  2750°F)  produces  the  conclu¬ 
sion  that  the  radiometer  data  are  in  error.  This  is  indeed  unfortunate 
because  it  invalidates  the  only  temperature  data  obtained.  The  failure  of 
this  data  can  be  attributed  most  probably  to  the  dust  in  the  teBt  cabin, 

X-ray  analysis  of  the  dust  indicated  that  it  was  asbeBtos.  By  contrast, 
the  one  half  inch  diameter  Hf-20Ta-2Mo(I-23)  model  exposed  in  the  Becond 
rung  (474)  showed  no  signs  of  melting. 

Because  of  the  relatively  small  heat  absorption  capacity  of 
the  models,  at  the  rate  of  heating  produced  by  the  stream,  the  surface 
temperature  should  have  approached  the  equilibrium  value  for  the  heat 
balance  between  aerodynamic  heating  and  radiation  dissipation  (see  Tables 
58  and  59).  For  a  one  inch  diameter  model  at  an  omittance  of  0,55,  equil¬ 
ibrium  temperature  is  4700°R.  For  a  1/2  inch  diameter  model  it  Is 
5000°R  (Figure  330),  Figures  332  and  333  compare  the  calculated  time- 
temperature  histories  with  the  values  contained  in  Figure  331.  The  lat¬ 
ter  have  been  "corrected"  to  true  temperature  by  employing  the  values  of 
normal  total  emittance  measured  in  the  Avco  Arc  Plasma  Tests  (i.  e,, 

Table  48).  In  comparing  the  observed  and  computed  time/temperature 
histories,  it  should  be  noted  that  coating  of  the  radiometers  by  asbestos 
dust  as  the  exposure  proceeded  undoubtedly  reduced  the  radiation  received. 
Thus,  the  one  inch  diameter  hemispherical  cap  sample  Hf-20Ta-2Mo(I-23)- 
4-19  must  have  reached  4310°R  during  the  exposure  even  though  the  maxi¬ 
mum  radiometer  temperature  was  3650°R,  Secondly,  the  computations 
were  performed  for  ZrB>>  which  has  different  thermophysical  and  radiative 
properties  than  the  samples  shown  in  Figures  332  and  333.  However,  the 
product  of  pCpK  (density  x  specific  heat  x  thermal  conductivity)  for  these 
materials  is  quite  similar  so  that  substitution  of  the  specific  values  in  each 
case  would  not  alter  the  results.  However, the  value  of  normal  emittance  em¬ 
ployed  would  have  an  important  bearing.  Thus,  tungsten  and  RVA  graphite 
having  values  of  «m  a  0.32  and  0,52  differ  most  from  the  «jvj  =  0.55  em¬ 
ployed  in  the  calculations.  Reference  to  Figures  332  and  333  indicates  that 
the  models  were  heated  more  rapidly  than  anticipated  but  did  not  reach  the 
anticipated  radiation  equilibrium  temperature  levels.  Although  the  later 
discrepancy  may  be  due  to  coating  of  the  radiometers,  the  observation  that 
( ■TCALiC^  OBS)  is  more  than  unity  is  in  line  with  the  results  of  the  Avco 
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exposures  where  (Tc^L^/Tobs)  *8  approximately  1.17  for  RVA,  1,43  for 
KT-SiC,  1.04  for  JT0992  at  one  atmosphere  stagnation  pressures.  Bare 
tungsten  yields  (T^^q/Tqbs)  at  1.  15  at  Pe  =0.16  atm  (see  Table  30). 

B.  Mctallographic  Examination  of  the  Test  Models  after  Exposure 

Figures  334  and  335  show  post  exposure  photographs  of  all 
the  models.  In  addition,  Tables  53  and  54  summarize  the  dimensional 
changes  which  were  very  minor  due  to  the  short  exposure  time.  The 
zirconium  diboride  (A-3)-l-2  model  in  the  sting  1  position  showed  no 
recession  and  little  change  in  structure.  This  finding  is  in  general  agree¬ 
ment  with  the  results  obtained  at  Mach  0.  3  and  =  1  atm  presented 
earlier  for  1800  second  exposures  (Figure  3).  Unfortunately  no  radiometer 
measurements  wore  obtained  for  this  model  but  it  is  doubtful  that  the  sur¬ 
face  temperature  exceeded  4000°F.  The  KT-SiC  models  which  were  posi¬ 
tioned  at  the  sting  2  and  sting  3  positions  in  run  67-473  exhibited  recessions 
of  18  mils  and  2  mils  during  the  fifteen  second  exposures.  In  this  case, 
the  smaller  model  (488  mil  diameter)  reached  a  lower  surface  temperature 
than  the  larger  model  (944  nr.il  diameter)  as  indicated  in  Figures  331-333. 

The  cap  of  the  larger  model  fractured  on  cooling  (Figure  334),  The  ob¬ 
served  recession  rates  of  0,  1-1  mils  per  second  or  180-1800  mils  in  30 
minutes  are  higher  than  indicated  in  Figure  5  for  KT-SiC  exposed  at  P-  = 

1  atm  at  Mach  0.3.  The  RVA(B-5),  PG(B-6)  andBPG(B-7)  samples  which 
were  exposed  at  the  sting  6  position  in  Run  67-473  and  s^ing  4  and  5  posi¬ 
tions  in  Run  67-474  exhibited  recessions  of  30,  8  and  32  mils  in  the  present 
runs  which  is  comparable  to  the  results  shown  in  Figures  3  and  4;  however, 
the  tungsten  model,  Run  67-473  sting  5  showed  virtually  no  recession, 
Recession  rates  near  1  mil/ sec  were  anticipated  on  the  basis  of  results  at 
Pe  =  1  atm  and  a  Mach  Number  of  0,  9  and  the  present  results  for  bare 
tungsten  shown  in  Figure  7.  The  Sn-Ai/Ta-lOW  coated  model,  sting  8 
Run  67-474,  exhibited  melting  of  the  Sn  outer  layer  but  no  degradation  of 
the  inner  layer,  However,  this  model  probably  attained  a  much  lower  sur¬ 
face  temperature  than  tho  other  models  due  to  high  values  of  (TcALC/TOBS)* 

The  models  which  formed  solid  oxides  on  exposure  (i,  e. ,  Hf-20Ta- 
2Mo(I-23)  sting  1  Run  67-474  and  sting  4  Run  67-474,  ZrB2(A-3)  sting  1  Run 
67-473,  HfB2i  ^A-3)  sting  2  Run  674  ,  HfB2+StC(A-4)  sting  3  Run  67-474) 
showed  little  recession  in  lino  with  the  tomperature  and  time  of  exposure. 
Similar  behavior  was  noted  for  JTA(D-13)  sting  7  Run  67-473;  JT0981(F-16) 
sting  6  Run  67-474  exhibited  a  recession  comparable  to  the  pure  graphites. 

The  thermal  shock  failures  noted  for  .TT0992(F-16)  sting  8,  Run 
67-473  and  ZrB2(A-3) -24-3  sting  7  Run  67-474  are  surprising  since  these 
materials  have  survived  flux  levels  in  excess  of  the  current  values  without 
failing.  However,  they  wore  nottestedas  hollow  shells.  It  is  possible  that 
the  defects  present  in  the  later  model  (1)  may  have  contributed  to  failure. 
Although  HfB?(A-2)  samples  have  exhibited  thermal  shock  failures  at 
levels  above  770  BTU/ft*sec,  no  failures  were  observed  below  this  level 
in  the  Avco  testa  (Table  2)  nor  were  any  obvious  defects  noted  for  this  sam¬ 
ple  as  a  result  of  nondestructive  tests  (1). 
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Figures  334  and  335  Shows  post  exposure  photographs  of  these 
models.  Post  exposure  longitudinal  sections  axe  shown  in  Figures  336-347. 
Figure  336  shows  Model  ZrB2(A-3) -1-2  which  experienced  a  negligible 
recession  during  exposure  and  no  change  in  surface  structure  was  observed. 
Figures  337  and  338  illustrate  KT-SiC(E- 14) -1 -8  and  3-18,  Both  models 
exhibit  melting  of  the  silicon  binder  and  depletion  through  the  nose  section. 
Figure  339  shows  Hf-20Ta-2Mo(I-23)-4-19  which  melted  during  exposure. 
Model  W  (uncoated)  (C-18)-X-ll  presented  in  Figure  340  showed  no  change 
in  structure  as  did  RVA(B-5)-X-5  and  JTA(D-13)-X-7  which  are  illustrated 
in  Figure  341.  This  set  of  figures  covers  all  of  the  models  in  Run  No.  1. 
JT0992(F-15)-X-9  which  occupied  Sting  8  in  Run  No.  1  thermal  shocked. 

Figure  342  displays  Model  Hf-20Ta-2Mo(I-23) -1-12  and  shows 
no  melting  (in  contrast  to  the  one  inch  model  exposed  in  Run  No.  1  shown 
in  Figure  339).  The  one  half  inch  diameter  Hf-20Ta-2Mo(I-23)  model  is 
coated  with  suboxide  containing  tantalum  stringers  throughout.  Figures 
343-346  show  models,  HfB2,  l(A-2)-X-l,  HfB2+SiC(A-4)-X-4,  PG(B-6)- 
X-6,  BPG(B  -7)  -X- 16  and  JT0981(F-16)-X-10  which  exhibited  very  minor 
changes  during  exposure.  Model  HfB? t  i(A-2)-X-l  (Figure  343)  exhibited 
a  thermal  shock  failure  at  the  end  of  Run  No.  2  when  the  cap  broke  off, 
Model  H£B2+SiC(A-4)  -X-4  (Figure  344)  shows  no  SiC  depletion  at  the  sur¬ 
face.  Models  PG(B-6)»X-6  and  BPG(B-7)-X-16  experienced  recessions 
of  8  and  32  mils  respectively,  (Figure  345).  Model  JT0981(F-16)-X-10 
shown  in  Figure  346  exhibited  a  conversion  depth  of  19  mils  and  a  very 
light  oxide.  Sting  position  7  of  Run  No.  2  was  occupied  by  ZrB?(A-3) -23- 
3  which  thermal  shocked  during  exposure.  The  last  position  (Sting  8)  in 
Run  No.  2  was  filled  by  Model  Sn-Af/Ta- 10W(G-19) -3-22  shown  in  figure 
347a,  Molting  and  removal  of  tho  Sn  cover  of  the  duplex  coating  (page  55, 
Reforonco  1J  is  shown  in  Figure  347b. 

G.  Analysis  of  the  Relative  Conduction  Losses  for  Spherical 
- - - 

In  tho  discussion  of  the  Wave  Superheater  exposures  pre¬ 
sented  above,  the  observation  that  the  one  inch  diameter  models  Hf-20Ta- 
2Mo(I-23)-4~l9  (Sting  4  Run  1)  and  KT-SiC(E-14) -3- 18  (Sting  3  Run  1) 
achieved  higher  tempuraturos  than  one  half  inch  diameter  models  of  the 
same  material  (Hf-20Ta-2Mo(I-23)-l-12  (Sting  1  Run  2)  and  KT-SiC(E-14)- 
1-8)  Sting  2  Run  1)  was  noted.  This  was  deemed  to  be  unusual  since  the 
heat  flux  to  the  larger  model  is  70%  of  that  experienced  by  the  smaller 
model.  One  possible  source  of  this  difference  was  considered  to  be  the 
Iossob  due  to  conduction  through  the  models.  In  particular,  the  models 
are  hollow  shells.  Consequently  to  consider  tho  rolative  conduction  losses  it 
is  necessary  to  introduce  the  ratio  of  shell  thickness  to  model  diameter 
as  an  additional  factor, 

A  suitable  analysis  of  the  problem  has  been  performed  (3) 
based  on  tho  relativo  importance  of  conduction  and  aerodynamic  hoanng 
for  a  modul  represented  by  tho  sketch  shown  in  Figure  348,  where  tho 
aerodynamic  heating  is  given  as  a  function  of  O  by  q[o]  =  \  cos  Q.  In 
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order  to  obtain  experimental  data  on  the  relative  conduction  losses 
for  spherical  shells,  one  inch  and  one  half  inch  diameter  models  having 
a  wall  thickness  of  1/8"  were  fabricated  from  SAE1020  steel.  This 
material  was  employed  since  its  thermal  conductivity  is  approximately 
one  third  that  of  KT-SiC(E- 14)  at  temperatures  between  500°  and  2000°R. 
As  a  consequence,  the  heat  flux  level  for  this  experiment  was  maintained 
at  i/3  the  level  of  the  Wave  Superheater  exposures  described  in  Section 


V.B. 


Accordingly,  models  were  exposed  in  an  oxyacetylene  torch 
situated  in  the  Wave  Superheater  Hypersonic.  Tunnel  for  convenience  in 
utilizing  the  required  test  equipment.  Separate  copper  calorimeters 
were  employed  to  determine  cold  wall  heat  flux.  Heat  fluxes  of  150 
BTU/ft^sec  and  220  BTU/ft^sec  were  applied  to  the  one  inch  and  one- 
half  inch  diameter  models,  respectively.  Thermocouples  which  were 
spring  mounted  in  contact  with  the  inner  wall  directly  behaind  the  stag¬ 
nation  point  were  employed  to  measure  the  thermal  response  of  the 
models.  The  results  are  shown  in  Figure  349.  These  data  indicate 
that  the  larger  model  reached  190C°F  in  11.4  seconds;  the  smaller  models 
reached  1900°F  in  13.8  4  1.0  seconds.  At  shorter  times,  the  rise  rato 
for  the  smaller  models  Is  greater  than  for  the  larger  models  as  expected. 
At  longer  times,  the  larger  model  does  heat  up  more  rapidly  than  the 
smaller  model  does.  However,  it  is  surprising  that  the  crossover  occurs 
at  low  temperatures  near  600°F  where  the  magnitudes  of  dT/d0  are 
smaller  than  the  values  assumed  in  the  foregoing  calculation.  Finally, 
it  should  bo  noted  that  tho  k/q  matching  is  partially  satisfied  for  KT-SiC 
but  not  satisfactory  for  Hf-20Ta-2Mo. 
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(A-2 )  grp, 


Figure  1.  Comparison  of  Arc  Plasma  (HG/CW)  Tests  With  Furnace  Oxidation  (CG/HW)  Tests  at 
1.8  ft/sec  for  HfB?  L(A-2),  ZrB2{A-3)  and  Boride  Z(A-5)  Plus  Typical  SiC  Depletion 
Depths  for  Diboridfe- silicon  Carbide  Composites. 


rrart  n-«) 


iparisoa  of  Arc  Plasma  (HG/CW)  Tests  with  Furnace  Oxidation  (CG/HW)  Tests  at  1.8  ft/s.3. 
lVA(B-5) ,  PT0178(B-9>,  AXF-5Q  Poco(B-lO)  and  Glassy  Carbon  (B-l  1) . 


Melt  Lag  Me  It  Lag 
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Comparison  of  Arc  Plasma  (HC/CW)  Tests  with  Furnace  Oxidation  (CG/HW)  Tests  at  1 . 8  ft/ sec 

for  HfC+C{C-H),  ZrC+C(C-12),  KT-SiC(E-14),  and  Si/RVC(B-8) . 


Z'»«  +  SiC  4-C 
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Figure  8.  Comparison  of  Arc  Plasma  (HG/CW)  Tests  with  Furnace  Oxidation  (CG/HW)  Tests  at 
1.8  ft/sec  for  Si02-f-68.5w/oW{H-22}.  SiOz+6  Ow/oW(H- 2 3) ,  Hf-20Ta-2MO(I-23),  and 
Ir/C{I-24). 


Figure  9. 


f°8t^P°8Ure  Photo8raphs  of  Arc  Plasma  Testa  HfB?  ,(A-2)~1M, 
2M,  3M,  4M,  5M  and  6M.  Samples  1M,  2M,  3M  and'  were 
Cracked  During  Removal  of  Tungsten  Sting.  Samples  5M  and  6M 
Showed  Initial  Thermal  Shock  Delaminations  and  Were  Cracked 
Afte resting  Removal.  Samples  3M  and  5M  Melted.  Scale  is  One 
Inch.  Hot  Face  is  Pointing  Up. 


Plate  1-4250  Plate  1-4254 

•  •  **-V 


Figure  io.  Post  Exposure  Photographs  of  Arc  Plasma  Tests  HfB?  ,(A-2)-7R. 

8R,9Randl0R.  Sample  8R  showed  an  Initial  Thermal  (Shock 
Failure  While  Samples  9R  and  10R  exhibited  Melting.  Scale  is 
One  Inch,  Hot  Face  is  Pointing  Up, 

!< 

Distance  between  numbered  divisions  is  equal  to  one  inch. 
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Plato  Mo.  1  -B 1 5 ft 


Plate  No.  1-9521 
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Plate  No.  1-4992 
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Figure  11.  PoBt  Exposure  Photographs  of  Arc  Plasma  Tests 
i(A-2)-13M,  14.M,  15M,  16M,  17M  arid  18M, 
11R  and  12R. 
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Oxide  Coating 


Figure  12.  Arc  Plasma  Test  HfB,  i(A-2)-4M,  Surface  Temperature  5270°F, 
Stagnation  Enthalpy  Solo  BTU/lb,  Stagnation  Pressure  1  atm,  Cold 
Wall  Heat  Flux  760  BTU/ft^,  Exposure  Time  1830  Seconds,  Initial 
Thickness  557  Mils,  Final  Thickness  286  Mils.  Hot  Face  at  Right. 


Figure  13. 


Etched  with  10  Glycerins  5HN033HF  XI 60 

Arc  Plasma  Tost  HfB^  i  (A-2)-4M,  Hot  Face,  Showing  Boride  at 
Left,  Oxide  at  Right  with  10  Mil  Separation. 


* 


Distance  between  numbered  divisions  is  equal  to  one  hundred  mils. 


Oxide 


Etched  with  10  Glycerine  SHNOg  3HF  X250 


Plate  1-4240 


Figure  14.  Arc  Plaama  Test  HfB?  ^  (A-2)-4M,  Side  Face  of  Test  Sample 
Showing  Adherent  Oxide. 


Figure  15.  Arc  Plasma  Test  H£B£t  ^  (A-2)-4M,  Matrix  Sting  Leg  Showing 
Matrix  Grain  Size. 
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Plate  1-4233 


One  Inch  Scale  X  2 . 5 

Figure  16.  Arc  Plasma  Test  HfB,  i(A-2)-3M,  Surface  Temperature  6010°F, 
Stagnation  Enthalpy  65^3  BTU/ lb, Stagnation  Pressure  1  atm,  Cold 
Wall  Heat  Flux  1060  BTU/ft2  sec,  Exposure  Time  82  Seconds,  Initial 
Thickness  542  Mils,  Final  Thickness  281  Mils.  Melting  Observed. 
Hot  Face  on  Rivht. 


Figure 


17.  Arc  Plasma  Test  HfB2,  i(A-2)-3M,  Hot  Face, Showing  Boride 
with  Extremely  Large  Grain  Size  at  Left. 
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Plate  1-4236 


Etched  with  10  Glycerine  5HNO3  3HF 


Figure  18,  Arc  Plasma  Test  Hfl^  1  (A-2)-3M,  Side  Face  Showing  Adherent 
Oxide  and  Boride  at  Le’ft. 
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Plate  1-4237 


i  4* 


Etched  with  10  Glycerine  5HNO3  3HF  X 

Figure  19.  Arc  Plasma  Test  HfB2  i(A-2)-3M,  Matrix  Sting  Leg. 


Figure  20.  Arc  Plasma  Test  HfB2  i(A-2)-l  1R, Surface  Temperature 
5040°F,  Exposure  Time  1800  Seconds,  Stagnation  Pressure 
0.097  atm,  Stagnation  Enthalpy  10730  BTU/ lb,  Cold  Wall 
Heat  Flux  651  BTU/ft2sec. ,  Initial  Length  605  Mils,  Final 
Length  566  Mils.  Hot  Face  at  Right.  One  Inch  Scale. 


Plate  No.  1-4994 


Etched  with  10  Glycerine  5HNO3  3HF  X250 

Figure  21.  Arc  Plasma  Test  HfB2.  i(A-2)-l  1R.  Interface  of 
Oxide  (Top)  and  Matrix. 
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X2.81 


Figure  22.  Arc  Plasma  Test  HfBjj,  i(A-2)-10R, Surface  Temperature 
5290°F,  Exposure  Time  60  Seconds,  Stagnation  Pressure 
0.158  atm,  Stagnation  Enthalpy  7260  BTU/lb,  Cold  Wall 
Heat  Flux  781  BTU/ft2sec,  Initial  Length  558  Mils,  Final 
Length  174  Mils.  Hot  Face  at  Right.  One  Inch  Scale. 


Figure  23.  Arc  Plasma  Test  Hfl^  j(A-2)-10R.  Rapid  Melting  was 

Observed,  Interface  of’Melted  Region  (Right)  and  Matrix. 
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X2.44 


Plate  No.  1-4226 


Figure  24,  Arc  Plasma  Test  HfB,  .  (A-2)-lM,  Surface  Temperature 
4060  F,  Exposure  '  Time  1800  Seconds,  Stagnation 
Pressure  1.06  Atm,,  Stagnation  Enthalpy  3270  BTU/lb, 
Cold  Wall  Heat  Flux  520  BTU/ftZ  sec,  21  Mils  Recession. 
Hot  Face  at  Right.  One  Inch  Scale. 


Plate  No.  1-4227 


Figure  25.  Arc  Plasma  Test  HfB^  ^  (A-2)-lM,  Hot  Surface. 
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Plate  No,  1- 


X2.82 


Figure  26.  Arc  Plasma  Test  HfB,  ,  (A-2)  -  12R,  Surface  Temperature 
4640°F,  Exposure  Time  1800  Seconds,  Stagnation  Pressure 
0,095  Atm.  ,  Stagnation  Enthalpy  9830  BTU/lb,  Cold  Wall 
Heat  Flux  573  BTU/ft4  sec,  11  Mils  Recession,  Hot  Face 
Down.  One  Inch  Scale. 
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Plate  No,  1- 


Etched  with  10  Glycerine  5HN03  3HF 

Figure  27.  Arc  Plasma  TestHfB£  ^(A-2)  -12R,  Hot  Surface. 
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Plate  No. 
1-2803 


X0.  938 

Fitture  28.  Post  Exposure  Photographs  of  Arc  Plasma  Teats  ZrBz 
(A-3)-3M,  4M,  17M.20M.23M  and  24M.  Samples  3M 
and  20M  Exhibited  Melting.  Sting  End  of  8M  was  Cracked 
During  Removal  from  Sting.  Hot  Face  is  Pointing  Up. 
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Ficure  29.  Post  Exposure  Photographs  of  Arc  Plasma  Tests  ZrBz 

(A-3)  -50M,  51 M,  52M,  53M..54M,  15R,  30R,  2R,  5R,  10R 
and  11R.  Samples  15R,  30R  and  11R  Exhibited  Melting. 
Sting  Ends  of  30R.2R  and  5R  were  Cracked  During  Re¬ 
moval  from  Sting.  Scale  is  One  Inch.  Hot  Face  is 
Pointing  Up. 


Plate  No. 
1-2810 


X2.60 


Figure  30.  Arc  Plasma  Teat  ZrB2(A-3)-4M,  Surface  Temperature 
4505°F,  Stagnation  Enlhalpy  3990  BTU/lb,  Stagnation 
Pressure  J .  07  Atm. ,  Cold  Wall  Heat  Flux  560  BTU/ft2 
sec,  Exposure  Time  1860  Seconds,  Initial  Length  1062 
Mils,  Final  Length  1048  Mils,  Hot  Face  Up.  One  Inch 


Plate  No. 
1-2811 


Etched  with  10  Glycerine  X250 

5HN033HF 

Figure  31.  Arc  Plasma  Test  ZrB2(A-3) -4M,  Hot  Face  at  Top. 
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Plate  No.  1-2814 


X2.50 


Figure  32  Arc  Plasma  Test  ZrB2(A-3)-20M,  Surface  Temperature 
5530°F  Exposure  Time  90  Seconds,  Stagnation  Pressure 
1.11  Atm.  Stagnation  Enthalpy  4665  BTU/lb,  Cold  Wall  Heat 
Flux  840  BTU/ft2  sec.,  204  Mils  Recession,  Hot  Face  at 
Left.  One  Inch  Scale. 


Etched  with  10  Glycerine  SHNOj  3HF  X250 


Plate  No.  1-2816 


Figure  33.  Arc  .Plasma  Test  ZrB2  (A-3)-20M,  Hot  Surface. 
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X3 

Figure  34.  Arc  Plasma  Test  ZrB2(A-3) -10R,  Surface  Temperature  4345°F, 

Stagnation  Enthalpy  9530  BTU/lb, Stagnation  Pressure  0.021  atm,. 
Cold  Wall  Heat  Flux  520  BTU/ft^sec,  Exposure  Time  1802  Seconds, 
Initial  Length  1045  Mils,  Final  Length  1027  Mils.  Hot  Face  at  Right, 


‘"J :  ?.>  v  •  ■ •  j  \ , i  j 


Etched  with  10  Glycerine  5HNO3 3HF 


Plate  1-3603 


X250 


Figure  35.  Arc  Plasma  Test  ZrB2(A-3) -10R,  Hot  Face,  Showing  Boride  at  Left. 


mMlm 


Plate  1-3604 


Etched  with  10  Glycerine  5HN03  3HF  X500 

Figure  36.  Arc  Plasma  Test  ZrB2(A-3)-10R,  Matrix  Sting  Leg, Showing  Matrix 
Grain  Size. 


Mounting  Plastic 


Plate  1-3692 


Hot  Face  Surfac 
Showing  Melted 
Cup 


Figure  37.  Arc  Plasma  Test  ZrB2(A-3)-l  1R,  Surface  Temperature  5435°F, 
Stagnation  Enthalpy  9270  BTU/lb,  StagnationFressure  0. 187  atm, 
ColdWall Heat  Flux950  BTU/ft^sec,  Exposure  Time  51  Seconds, 
Initial  Length  1063  Mils,  Final  Length  728  Mils.  Hot  Face  at  Right 
Illustrates  Melting.  One  Inch  Scale. 


Plate  1-3606 


Etched  with  10  Glycerine  5HN033HF  X250 

Figure  38.  Arc  Plasma  Test  ZrB^  (A-3)-llR,  Hot  Face,  Showing  Solidified 

Grain  Structure  in  Core  Region  of  Hot  Face  (See  Figures  141  and  143). 


Plate  1-3595 


Figure  39.  Arc  Plasma  Test  ZrB2(A-3)-llR,  Matrix  Sting  Leg,  Showing 
Matrix  Grain  Size. 
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X2.55 


Figure  40.  Arc  Plasma  Test  ZrB2(A-3)-23M,  Surface  Temperature 

3990°F.  Exposure  Time  1860  Seconds,  Stagnation  Pressure 
1.06  Atm.  ,  Stagnation  Enthalpy  3345  BTU/lb,  Cold  Wall 
Heat  Flux  460  BTU/ft2sec,  8  Mils  Recession.  Hot  Face  at 
Left.  One  Inch  Scale. 


Plate  No.  1-2822 


X250 


Etched  with  10  Glycerine  5HNO^  3HF 

Figure  41.  Arc  Plasma  Test  ZrB2(A-3)-23M,  Hot  Surface. 
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Plate  No. 
1-9213 


X3.00 


Figure  43,  Arc  Plasma  Test  ZrB2^A-3)-2MG,  Surface  Temperature 
4470°F ,  Internal  Temperature  2940°F,  Exposure  Time 
1800  Seconds,  Stagnation  Pressure  1.05  Atm.,  Stagna¬ 
tion  Enthalpy  3230  BTU/lb,  Cold  Wall  Heat  Flux  365 
BTU/i't^sec,  14  Mil  Recession.  Hot  Face  Up.  One  Inch 
Scale. 
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Figure  44.  Post  Exposure  Photographs  of  Arc  Plasma  Tests  H£B2+ 
SiC(A-4)-lM,2M,3M  and  4M.  Samples  3M  and  4M 
Exhibited  Melting.  Hot  Face  is  Pointing  Down.  Tungsten 
Sting  was  not  Removed  from  Sample  2M  and  is  Protruding 
from  Sting  Hole 
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Figure  45.  Post  Exposure  Photographs  of  Arc  Plasma  Tests  HfB  >  + 
SiC(A-4)  -2-6R,  7R,  9R,  10R.8R,  1M,?.M,  3M,  4M  and  5M. 
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Plate  1-4438 


Oxide  on  Surface  of 
Model 


Figure  46.  Arc  Plasma  TestH£B2+SiC{A-4)-2M,  Surface  Temperature  5020°F, 
Exposure  Time  1830  Seconds, Stagnation  Pressure  One  At m. ,  Stagna¬ 
tion  Enthalpy  5105  BTU/ lb,  Cold  Wall  Heat  Flux  670  BTU/ft2Sec, 

Initial  Thickness  675  Mils,  Final  Thickness  643  Mils.  HotFace  at  Right, 
One  Inch  Scale.  Tungsten  Sting  is  Seen  in  the  Sting  Hole. 
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(t  "7  Plate  1-4439 
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Figure  47.  Arc  Plasma  Test  lifB2+SiC(A-4)-2M,  Hot  Face,  Showing  Boride 
at  Left,  Oxide  at  Right  and  Ten  Mil  Boride  Zone  Depleted  of 
Silicon  Carbide  in  Center.  Note  Adherence  of  Oxide. 


Plate  1  -4441 


Etched  with  10  Glycerine  5HN03  3HF  X50O 

Figure  48.  Arc  Plasma  Test  HfB2+SiC(A-4)-2M,  Matrix  Sting  Leg, Showing 
HfB2  and  SiC  Grain  Structure. 


Surface  at  Hot 
Face  Showing 
Melting  Cup 


Plate  1-4446 


X3 

Figure  49.  Arc  Plasma  Test  HfB2+SiC(A-4)-4M,  Surface  Temperature  51 60°F, 
Exposure  Time  1608  Seconds,  Stagnation  Pressure  One  Atm.  .Stagna¬ 
tion  Enthalpy  5410  BTU/lb,  Cold  Wall  Heat  Flux  900  BTU/ft2 sec.  Initial 
Thickness  644  Mils,  Final  Thickness  175  Mils.  Hot  Face  on  Right 
illustrates  Melting,  One  Inch  Scale. 
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Oxide 


Figure 


Figure 


Zone  Depleted 


50.  Arc  Plasma  Teat  H£B;*SiC(A-4)  Showing  Hot  Face. 


Plate  1-4447 


51.  Arc  Plasma  Test  HfB2  +  SiC  (A-4)-4M,  (a)  Matrix  Near  Top  of 
Sting  Hole,  (b)  Matrix  at  Sting  Leg  Showing  Diboride  Plus  Silicon 
Carbide. 
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Figure  56.  Arc  Plasma  Test  H£B2  +  SiC  (A-4J-2-9R,  Surface  Temperature 
4680  F,  Exposure  Time  1800  Seconds,  Stagnation  Pressure 
0. 023  Attn. ,  Stagnation  Enthalpy  8920  BTU/lb,  Cold  Wall  Heat 
Flux  402  BTU/ft^  sec,  23  Mils  Recession.  Hot  Face  at  Left. 
One  Inch  Scale. 


Plate  No,  1-6425 


Figure  57.  Arc  Plasma  Tuat  HfB2  +  SiC(A-4)-2-9R,  Hot  Surface  Showing 
Depletion  Zone  at  Top, 
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Plate  No.  1-7622 


Figure  58.  Post  Exposure  Photographo  of  Arc  Plasma  Teats  Boride 
Z(  A-5)  - 1 M,  2M,  3M,  4M,  5M,  6M,  711,  9R,  8R,  1 1 R,  1  OR  and 


Figure  59a.  Arc  Plasma  Test  Boride  Z(A-5)-4M,  Surface  Temperature 
2920°F,  Exposure  Time  1830  Seconds,  Stagnation  Pressure 
1. 05  Atm,  Stagnation  Enthalpy  2500  BTU/lb,  Cold  Wall 
Heat  Flux  350  BTU/ft^sec,  Initial  Length  663  Mils,  Final 
Length  659  Mils.  Hot  Face  at  Right.  Specimen  Thermal 
Shocked.  One  Inch  Scale 


Figure  59b.  Arc  Plasma  Test  Boride  Z(A-5)-8R,  Surface  Temperature 
3790  F,  Exposure  Time  1800  Seconds,  Stagnation  Pressure 
0.018  Atm,  Stagnation  Enthalpy  9200  BTU/lb,  Cold  Wall 
Heat  Flux  262  BTU/frsec,  Inital  Length  690  Mils,  Final 
Length  680  Mila,  Hot  Face  at  Right.  Specimen  Thermal 
Shocked,  One  Inch  Scale. 


99 


Plate  No.  1  -  6574 


Plate  No.  1-75^6 


Plate  No.  2-0581 


Piate  No.  1-7397 


X2.75 


Figure  63.  Arc  Plasma  Test  HfB_  .  +  20  v/o  SiC(A-7)-2M,  Surface 
Temperature  4800  F,  *  Exposure  Time  1745  Seconds, 
Stagnation  Pressure  1.08  Atm.  Stagnation  Enthalpy  5055 
BTU/lb,  Cold  Wall  Heat  Flux  715  BTU/ft2  sec,  157  Mils 
Recession,  Hot  Face  at  Left.  One  Inch  Scale. 


Plate  No.  1-7398 


Etched  with  10  Glycerine  SHNO^  3HF 


X250 


Figure  64. 


Arc  Plasma  Test  HfB^ 
Between  Depleted  Zone' a 


+  20  v/o  SiC(A-7)-2M, 
r.d  Matrix, 


Interface 
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Plate  No .  1-6575 
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Figure  65,  Arc  Plasma  Test  HfB,  ,  +  20  v/o  SiC(A-7)-lM  Surface  Tem¬ 
perature  5760°F,  Exposure  Time  56  Seconds,  Stagnation 
Pressure  1.11  Atm,  Stagnation  Enthalpy  3915  BTTj/lb,  Cold 
Wall  Heat  Flux  810  BTU/ft2  sec,  110  Mils  Recession,  Hot 
Face  Down.  One  Inch  Scale. 


Plate  No.  1-6576 
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Etched  with  10  Glycerine  hHNO^  3HF 


X  250 


Figure  66.  Arc  Plasma  Test  HfB_  .  +  20  v/o  SiC(A-7)-lM,  Hot  Surface. 


[ 


Figure  67.  Arc  Plasma  Test  HfB2,  i+20%SiC(A-7)-34R,  Surface 
Temperature  5005°F,  Exposure  Time  1200  Seconds, 
Stagnation  Pressure  0.  160  Atm. ,  Stagnation  Enthalpy 
8040  BTU/lb,  Cold  Wall  Heat  Flux  720  BTU/ft2sec.  , 
Initial  Length  920  Mils,  Final  Length  889  Mils,  Hot 
Face  Down.  One  Inch  Scale.  Oxide  Broke  Off  on 
Handling. 


Plate  No. 
2-0212 


Etched  with  10  Glycerine 
5HN033HF 


X250 


Figure  68.  Arc  Plasma  Test  HfB^  j  +  20%SiC{ A-7) -34R.  Hot 
Interface  Up. 
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Figure  £>9.  Arc  Plasma  Test  H£B2  j+20%SiC(A-7) -35R,  Surface 
Temperature  5350°F,  fcxposure  Time  90  Seconds, 
Stagnation  Pressure  0. 180  Atm. ,  Stagnation  Enthalpy 
9030  BTU/lb,  Cold  Wall  Heat  Flux  791  BTU/ft^sec, 
Initial  Length  921  Mils,  Final  Length  606  Mils,  Deple 
tion  Depth  130  Mils.  Hot  Fate  Down.  One  Inch  Scale. 


Etched  with  10  Glycerine  X250 

5HN033HF 

Figure  70.  Arc  Plasma  Test  HfB2,  i+20%SiC(A-7) -35R.  Side 

InterfacerDepleted  Matrix  at  Right,  Melted  Material 
at  Left.  Hot  Face  Up. 
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Figure  71.  Arc  Plasma  Test  HfB,  ,  +  20  v/o  SiC(A-7)-28R  Average 
Surface  Temperature  46b0  F,  Exposure  Time  22,  400 
Seconds  (13  cyclic  exposures  each  of  approximately  1800 
seconds),  Stagnation  Pressure  0.07  Atm.  Stagnation 
Enthalpy  10300  BTU/lb,  Cold  Wall  Heat  Flux  495  BTU/ 
ft^sec,  15  Mils  Recession,  Hot  Face  Up.  One  Inch  Scale, 


iQ.  f  v:,. 


Plate  No.  2-0676 


Etched  with  10  Glycerine  5HNOj  3HF  X250 

Figure  72.  Arc  Plasma  Test  HfB-,  .  +  20  v/o  SiC(A-7)-28R,  Hot  Surface. 


Figure  73. 


Arc  Plasma  Test  HfB2  i+20  v/oSiC(A-7)-52M.  Surface 
Temperature  4600°F,  Exposure  Time  14,  030  Seconds 
(8  Cyclic  Exposures  Each  of  Approximately  1800  Seconds), 
Stagnation  Pressure  1.03  Atm.,  Stagnation  Enthalpy  4180 
BTU/lb,  Cold  Wall  Heat  Flux  450  BTU/ft^sec,  329Mils 
Recession,  Hot  Face  Down,  One  Inch  Scale. 


Etched  with  10  Glycerine  X250 

5HN033HF 

Figure  74.  Arc  Plasma  Test  HfB^  j+20v/ oSiC(A-7)-52M  Hot  Surface. 


108 


Plate  No.  2-0677 


X  2.95 


figure  75.  Arc  Plasma  Test  HfB_  .  +  20  v/o  SiC(A-7)- 37MH  Surface 
Temperature  3765°F,  Exposure  Time  1080  Seconds,  Stag¬ 
nation  Pressure  1.02  Atm.  Stagnation  Enthalpy  3640  BTU/ 
lb,  Cold  Wall  Heat  Flux  495  BTU/ft2Sec,  10  Mils  Recession, 
Hot  Face  Down.  One  Inch  Scale. 


Plate  No.  2-  0678 


Etched  with  10  Glycerine  5HNO^  3HF  X  250 

Figure  76.  Arc  Plasma  Test  Hfl^  ^  +  20  v/o  SiC(A-7)-37MH,  Hot  Surfac 
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Plate  No. 
2-0679 


Figure  77.  Arc  Plasma  Teat  HfB2  ^+20  v/oSiC(A-7) -39RH  Surface 
Temperature  2710°F,  Exposure  Time  1612  Seconds, 
Stagnation  Pressure  0.162  Atm. ,  Stagnation  Enthalpy- 
6540  BTU/lb,  Cold  Wall  Heat  Flux  487  BTU/ft2sec, 
Second  Exposure:  Surface  Temperature  2955°F,  Expo¬ 
sure  Time  1800  Seconds,  Stagnation  Pressure  0.053 
Atm. ,  Stagnation  Enthalpy  8810  BTU/lb,  Cold  Wall 
Heat  Flux  885  BTU/ ft2 sec.  Third  Exposure:  Surface 
Temperature  4285°F,  Exposure  Time  375  Seconds, 
Stagnation  Pressure  0. 105  Atm. ,  Stagnation  Enthalpy 
7290  BTU/lb,  Cold  Wall  Heat  Flux  965  BTU/ft2sec, 

24  Mils  Recession,  Hot  Face  Up,  One  Inch  Scale. 


Plate  No. 
2-0680 


Etched  with  10  Glycerine  X250 

5HN033HF 

Figure  78.  Arc  Plasma  Test  HfB2, 1+20  v/oSiC(A- 7) -39RH,  Hot 
Surface. 
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te  No.  2-0220  Plate  No.  2-0588 


Figure  81.  Arc  Plasma  Test  ZrBg  +  20  v/o  SiC(A-8)-4M,  Surface  Tem¬ 
perature  5445°F,  Exposure  Time  327  Seconds,  Stagnation 
Pressure  1.06  Atm.  Stagnation  Enthalpy  3915  BTU/lb,  Cold 
Wall  Heat  Flux  515  BTU/ft^  sec,  142  Mils  Recession.  Hot 
Face  Down.  One  Inch  Scale. 


Plate  No.  1-7416 


Etched  with  10  Glycerine  5HNOj  3HF  X250 

Figure  82.  Arc  Plasma  Test  ZrB^f-  20  v/o  SiC(A-8)-4M,  Hot  Surface. 
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Figure  83.  Arc  Plasma  Test  ZrBj  i+20%SiC(A-8)-17M, 

Surface  Temperature  4§80°F,  Exposure  Time  1800 
Seconds,  Stagnation  Pressure  1.01  Atm.,  Stagnation 
Enthalpy  5700  BTU/lb,  Cold  Wall  Heat  Flux  503 
BTU/ftzsec,  Initial  Length  604  Mils,  Final  Length 
494  Mils,  Recession  Depth  110  Mila.  Hot  Face  Down, 
One  Inch  Scale. 


Etched  with  10  Glycerine  X250 

5HN033HF 


Figure  84.  Arc  Plasma  Test  ZrB2,  i+20%SiC(A-8)  -  17M,  Hot 
Interface  at  Top. 


Figure  85.  Arc  Plasma  Test  ZrB,  i+20%SiC(A-8)-21R, 
Surface  Temperature  5280°F,  Exposure  Time 
433  Seconds,  Stagnation  Pressure  0.095  Atm.  , 
Stagnation  Enthalpy  1Q300  BTU/lb. ,  Cold  Wall 
Heat  Flux  575  BTU/ft2sec.,  Initial  Length  838 
Mils,  Final  Length  271  Mils.  Hot  Face  Down. 
Om  Inch  Scale. 


Plate  No. 
2-0238 


Etched  with  10  Glycerine  X250 

5HN033HF 

Figure  86.  Arc  Plasma  Test  ZrB^  j+20%SiC(A-8)-21R,  Hot 
Interface  at  Top. 
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Plate  No. 
2-0648 


X  2.95 

Figure  87.  Arc  Plasma  TeBt  ZrB2.  l+20%SiC(A-8)-34R,  Surface 
Temperature  4265°F,  Exposure  Time  1800  Seconds, 
Stagnation  Pressure  0,063  Atm.,  Stagnation  Enthalpy 
10160  BTU/lb,  Cold  Wall  Heat  Flux  480  BTU/ft^sec, 
Initial  Length  503  Mils,  Final  Length  496  Mils,  Total 
Recession  7  Mils.  Hot  Face  Down.  One  Inch  Scale. 


Plate  No, 
2-0687 


Etched  with  10  Glycerine  X250 

5HNQ33HF 

Figure  88,  Arc  Plasma  Test  ZrB^,  l+20%SiC< A-8) -3411.  Hot 
Interface  at  Top. 
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(2k  Plate  No.  2-0222 


X2.  50 

Figure  89.  Arc  Plasma  Test  ZrB.,  +20v/o  SiC(A-8)-15M  Average 
Surface  Temperature  a3£>0°F,  Exposure  Time  7200 
Seconds,  (4  cyclic  exposure  each  of  1800  seconds) 
Stagnation  Pressure  1.00  Atm.  Stagnation  Enthalpy  5000 
BTU/lb,  Cold  Wall  Heat  Flux  385  BTU/ft2sec,  26  Mils 
Recession,  Hot  Face  Down.  One  Inch  Scale. 
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2-0223 


Etched  with  10  Glycerine  SHNO^  3HF  X  250 

Figure  90,  Arc  Plasma  Test:  ZrB,  ,  +  20v/o  SiC(A- 8)- 1 5M ,  Hot  Surface. 


Figure  91.  Arc  Plasma  Test  ZrB,  ,+20v/o  SiC(A- 8)- 16R  Average 

Surface  Temperature  4270oF,  Exposure  Time  7200  Seconds 
(4  cyclic  exposures,  each  of  1800  seconds)  Stagnation 
Pressure  0.  159  Atm.  Stagnation  Enthalpy  7000  BTU/lb, 
Cold  Wall  Heat  Flux  450  BTU/ft2sec,  27  Mils  Recession, 
Hot  Face  Down.  One  Inch  Scale. 


Plate  No.  2-0684 


Etched  with  10  Glycerine  SHNOj  3HF  X250 

Figure  92.  Arc  Plasma  Test  ZrB^  ^  +  20v/o  SiC(A-8)-  16R,  Hot  Surface 
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Figure  94.  .rc  Plasma  Test  HfB-  .  +  35  v/o  SiC(A-9)-5M,  Surface  Tem- 
1  .mature  3540°F,  Exposure  Time  1800  Seccnds,  Stagnation 
Pressure  1.07  Atm, Stagnation  Enthalpy  3665  BTU/lb,  Cold 
Wall  Heat  Flux  530  BTU/ftZ  sec,  50  Mils  Recession,  Hot  Face 
Down.  One  Inch  Scale. 


Plate  No.  1-7409 


Etched  with  10  Glycerine  5HNO^  3HF  X250 


Figure  95.  Arc  PlaBma  Test  HfB^  ^  +  35  v/o  SiC(A-9)-5M,  Hot  Surface 
at  Left,  Depletion  Zorie  in  Center,  Matrix  at  Right. 
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Plate  No.  1-6598 
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Figure  96.  Arc  Plasma  Test  HfB~  ,  +  35  v/o  SiC(A-9)-2M,  Surface  Tem¬ 
perature  5840°F,  Exposure  Time  133  Seconds,  Stagnation 
Pressure  1.  12  Atm.  Stagnation  Enthalpy  4700  BTU/lb,  Cold  Wall 
Heat  Flux  730  BTU/ft2  sec,  231  Mils  Recession.  Hot  Face 
Down.  One  Inch  Scale, 
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Plate  No.  1-6599 


Etched  with  10  Glycerine  5HNO  3HF 
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Figure  97.  Arc  Plasma  Test  HfB,  .  +  35  v/o  SiC(A-9)-2M,  Hot  Surface. 


Plate  No.  2 -0670 


/  2  3  4  3 

inch#* 


Plate  No.  2-0705 


99  Post  Exposure  Photographs  of  Arc  Plasma  Tests 
ZrB2+StG+C(A-10)  -42M,  43M,  26R,  44R,  45R,  47R 
and  49R. 
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Plate  No.  1-7428 


X2.75 


Figure  101.  Arc  Plasma  Teot  ZrB,+SiC+C(A-10)-4M,  Surface 

Temperature  4870  F,  Exposure  Time  1800  Seconds, 
Stagnation  Pressure  1.06  Atm,  Stagnation  Enthalpy 
4075  BTU/lb,  Cold  Wall  Heat  Flux  620  BTU/ft^sec, 
Initial  Length  850  Mil,  Final  Length  504  Mil.  Hot 
Face  at  Right.  One  Inch  Scale. 
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Figure  103. 


Arc  Plaama  Test  ZrB,+SiC+C(A-10)-2M,  Surface 
Temperature  51  iO°F,  Exposure  Time  182  Seconds, 
Stagnation  Pressure  1.07  Atm,  Stagnation  Enthalpy 
4755  BTU/lb,  Cold  Wall  Heat  Flux  665  BTU/ft2sec, 
Initial  Length  848  Mil,  Final  Length  346  Mil,  Hot 
Face  at  Right,  One  Inch  Scale. 


Figure  104.  ZrB2+SiC+C<A-10)-2M.  Melted  Interface. 


X3 

Figure  105.  Arc  Plasma  Test  ZrB2+SiC-t‘C(A-10)-9R.i  Surface 
Temperature  5065°F,  Exposure  Time  32  Seconds, 
Stagnation  Pressure  0.222  Atm,  Stagnation  Enthalpy 
10260  BTU/lb,  Cold  Wall  Heat  Flux  1010  BTU/£t*sec, 
Initial  Length  852  Mil,  Final  Length  277  Mil.  Hot 
Face  at  Bottom,  One  inch  Scale,  Melted  Material 
on  Sides. 


Unetched  X250 

Figure  106.  2rB£  +  SiC+C(A-10)-9R.  Melted  Interface. 
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Plate  No.  1-7644 


Figure  107.  Arc  Plasma  Test  ZrB2+SiC+C(A-10)-llR, Surface 

Temperature  5075°F,  Exposure  Time  1800  SocondB, 
Stagnation  Pressure  0.084  Atm,  Stagnation  Enthalpy 
10540  BTU/lb,  Cold  Wall  Heat  Flux  696  BTU/ft2sec, 
Initial  Length  852  MU,  Final  Length  816  Mils.  Hot 
Face  at  Right.  One  Inch  Scale.  Rear  Broke  on  Re¬ 
moval  after  Test. 


Figure  108.  Arc  Plasma  Test  ZrB^  +  S1C+C(A-10)-1 1R.  Hot 
Interface. 
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Plate  No.  2-0595 


X2.70 


Figure  109.  Arc  Plasma  Test  ZrB,+SiC+C(A-  10)-24M  Average 

Surface  Temperature  441 5°F,  Exposure  Time  21,600 
Seconds  (12  cyclic  exposures  each  of  1800  seconds), 
Stagnation  Pressure  1.02  Atm.  Stagnation  Enthalpy 
4250  BTU/lb,  Cold  Wall  Heat  Flux  400  BTU/ftzsec, 

104  Mils  Recession,  Hot  Face  Down  .  One  Inch  Scale. 


Unetched  X  250 


Plate  No.  2-0596 


Figure  110.  Arc  Plasma  Tost  ZrB2+SiC+C(A-  I0)-24M,Hot  Surface. 
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Plate  No. 
2-0688 


Figure  111.  Arc  Plasma  Test  ZrB5+SiC+C( A- 10) -26R.  Average  Surface 
Temperature  4650°F,  Exposure  Time  18951  Second*  (11 
Cyclic  Exposure*  Each  of  Approximately  1800  Seconds), 
Stagnation  Pressure  0,238  Atm, ,  Stagnation  Enthalpy  7750 
BTU/lb,  Cold  Wall  Heat  Flux  460  BTU/ftzsec,  83  Mils 
Recession,  Hot  Face  Up>  One  Inch  Scale. 


Plate  No. 
2-0689 


Unetched  X250 

Figure  112.  Arc  Plasma  Test,  ZrB2+SiC+C(A-10) -26R,  Hot  Surface. 


130 


X2.88 


Figure  113.  Arc  Plasma  Test  ZrB,+SiC+C(A-  10)-37RH  Surface 
Temperature  3235°F, ^Exposure  Time  1800  Secondu, 
Stagnation  Pressure  0,144  Atm.  Stagnation  Enthalpy 
7710  BTU/lb,  Cold  Wall  Heat  Flux  482  BTU/ft2sec, 

3  Mils  Recession,  Hot  Face  Down.  One  Inch  Scale. 
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Plate  1 


-3429 


Figure  116,  Post  Exposure  Photographs  of  Arc  Plasma  Tests  RVA  (B-5)-lR, 

3R,  4R,  5R  and  7R.  Hot  Face  is  Pointing  Up.  Samples  1R  and  3R 
Show  Exposed  Thermocouple  Holes  While  5R  Shows  Sting  Hole 
Exposed  Due  to  Side  Ablation. 


X  3. 1 

Figure  117.  Post  Exposure  Photograph  of  Arc  Plasma  Test  RVA  (B-5)-2R 
Hot  Face  is  Pointing  Up. 
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Plate  1-3697 


Surface  of  Hot 
Face 


Figure  118.  Arc  Plasma  Test  RVA(B-5)-5M, Surface  Temperature  5720°F. 

Exposure  Time  58  Seconds,  Stagnation  Pressure  1  Atm,  Stagna¬ 
tion  Enthalpy  6455  BTU/lb,  Cold  Wall  Heat  Flux  1030  BTU/ft2sec, 
Initial  Length  1028  Mils,  Final  Length  830  Mils,  Hot  Face  at 
Right.  One  Inch  Scale.  Side  Ablation  is  Illustrated. 


Figure  119.  Arc  Plasma  Test  RVA(B-5)-5M,  Matrix  Area.  Little  Difference 
Noted  between  Interface  and  Matrix. 


Plate  1 


Figure  120 . 


X2.1 

Arc  Plasma  Teat  RVA(B-5)-7R, Surface  Temperature  5430°F, 
Exposure  Time  108  Seconds, Stagnation  Pressure  0.299  Atm, 
Enthalpy  10950  BTU/lb.Cold  Wall  Heat  Flux  979 
BTU/ft  sec.  Initial  Length  1044  Mils,  Final  Length  839  Mils, 
Hot  Face  at  Right.  One  Inch  Scale. 


Plate  1 


Figure  121. 


mLC  Ter3tiRYA(B"5)-7R'  Matrix  Area.  Little  Difference 

Noted  between  Interface  and  Matrix. 
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Figure  122.  Post  Exposure  Photographs  o£  Arc  Plasma  Tests  PG(B-6)-lM, 
2M,  3M,4M,  5M,  6M,  7M»  "C"  Axis  Perpendicular  to  Arc. 
Hot  Face  Pointing  Up.  One  Inch  Scale.  Samples  3M  and  7M 
Show  "C"  Plane  Delaminations. 


Plate  1-3446 


Figure  123.  Post  Exposure  Photographs  of  Arc  Plasma  Tests  PG  (B-6)-lR, 

2R,  3R,  4R,  5R,  6R  and  7R,  "C"  Axis  Perpendicular  to  Arc, 

Hot  Face  Pointing  Up.  One  Inch  Scale.  Samples  3R,  5R  and  7R 
Show  "C"  Plane  Delaminations.  Sample  PG(B-6)-5R  Delaminated  on 
"C"  Plane  During  Installation  Due  to  Interference  Between  Dtinghole 
and  Sting. 
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Figure  124.  Post  Exposure  Photographs  of  Arc  Plasma  Tests  PG 
(B-6)-8M,9M,  10M,  11M  and  12M,  "C"  Axis  Parallel 
to  Arc.  Hot  Face  Pointing  Down.  One  Inch  Scale. 
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Figure  125.  Post  Exposure  Photographs  of  Arc  Plasma  Tests  PG 
(B-6)-8R,9R,10R,l  IRand  12Rj'C"  Axis  Parallel  to  Arc. 
Hot  Face  Pointing  Down  in  All  Cases.  One  Inch  Scale. 
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Plate  1-3634 


Figure  126.  Arc  Plasma  Test  PG(B-6)-3M,  "C"  Axis  Perpendicular  to  Arc. 

Sample  Delaminated  on  "C"  Plane  after  Exposure.  Surface 
Temperature  4530°F,  Exposure  Time  61  Seconds, Stagnation 
Pressure  1  Atm, Stagnation  Enthalpy  4580  BTU/lb,  Cold  Wall 
Heat  Flux  670  BTU/ft2sec,  Initial  Length  999  Mils,  Final  Length 
856  Mils.  Hot  Face  at  Right.  One  Inch  Scale. 


Plate  1-3635 


X50 

Figure  127.  Arc  Plasma  Test  PG(B-6)-3M,  Matrix  Area.  Little  Difference 
Noted  between  Matrix  and  Interface  Areas. 
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Plate  1-3453 


Figure  128.  Are  Plasma  Test  PG(B-6)-4R,  "C"  Axis  Perpendicular  to  Arc. 

Surface  Tempe*ature  4650°F,  Exposure  Time  300  Seconds, 
Stagnation  Pressure  0. 187  atm,  Stagnation  Enthalpy  3440  BTU/lb, 
Cold  Wall  Heat  Flux  852  BTU/ftz,  Initial  Length  1084  Mils, Final 
Length  628  Mils,  Hot  Face  at  Right,  One  Inch  Scale. 
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Plate  1-3622 


Figure  130.  Post  Exposure  Photographs  of  Arc  Plasma  Tests  BPG  (B-7)-lM, 
2M,  3M  and  4M,  "C"  Axis  Perpendicular  to  Arc.  Hot  Face 
Pointing  Up.  One  Inch  Scale.  Sample  3M  Delaminated  on  "C" 
Plane(  While  Samples  1M  and  3M  show  Incipient  Delaminations, 


Plate  1-3416 

i 


Figure  131,  Post  Exposure  Photographs  of  Arc  Plasma  Tests  BPG  (B-7)-lR,  2R, 
3R,  4R  and  6R,  "G"  Axis  Perpendicular  to  Arc.  Hot  Face  Pointing 
Up.  One  Inch  Scale.  Samples  1R  and  2R  Delaminated  on  "C"  Plane 
During  Test.  Sample  3R,  Showing  Thermocouple  Hole  Delaminated 
on  "C"  Plane  When  Installed  Due  to  Interference  Fit  of  Sting  and 
Tungsten  Holder.  Sample  BPG  (B-7)-5R  Ablated  Completely. 
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Plate  No, 
1-4272 


Figure  132. Post  Exposure  Photographs  of  Arc  Plasma  Tests  BPC«(B-7)-5M, 

6M,  7M,  8M  and  9M,  "C"  Axis  Parallel  to  Arc.  Hot  Face  Pointing 
Down,  One  Inch  Scale. 
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Figure  133,  Post  Exposure  Photographs  of  Arc  Plasma  Tests  EPG(B-7)-8R,  9R, 
10R,  11R  and  12R,  "C"  Axis  Parallel  to  Arc.  Hot  Face  Pointing 
Down  except  BPG(B-7)-  10R,  1 1R  and  12R  Where  It  is  Pointing  Up, 
One  Inch  Scale. 
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X3 

Figure  134,  Arc  Plasma  Teat  BPG(B-7)-4M,  "C"  Axis  Perpendicular  to  Arc. 

Incipient  Delamination  on  MC"  Plane,  Side  Ablation  Present.  Sur¬ 
face  Temperature  4940°F,  Exposure  Time  75  Seconds,  Stagnation 
Pressure  1  Atm,  Stagnation  Enthalpy  6300  BTU/ib,  Cold  Wall 
Heat  Flux  760  BTU/fftsec.  Initial  Length  799  Mila,  Final  Length 
575  Mils.  Hot  Face  at  Right.  One  Inch  Scale. 


Figure  135.  Arc  Plasma  Test  BPG(B-7)-4M,  Interface  Area  Showing  Cracks 
Extending  along  "C"  Plane. 


Plate  1-3427 
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Figure  136,  Arc  Plasma  Teat  BPG(B-7]-6R,  "C"  Axis  Perpendicular  to  Arc, 
Surface  Temperature  381Q6F,  Exposure  Time  600  Seconds,  Stag¬ 
nation  Pressure  0.017  Atm, Stagnation  Enthalpy  13890  BTU/lb, 
Cold  Wall  Heat  Flux  321  BTU/fraec.  Initial  Length  785  Mils. 
Final  Length  547  Mils.  Hot  Face  at  Right.  One  Inch  Scale. 


Plate  1-3428 


X50 


Figure  137.  Arc  Plasma  Test  BPG(B-7)-6R,  Matrix  Area.  Little  Difference 
between  Interface  and  Matrix  Areas. 


Plate  Mo.  1-9530  plate  No.  1-7654 
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Plate  No.  1-6632 


X2.94 


Figure  139. 


™o^as^a  TestSi/RVC(B-B)-7R,  Surface  Temperature 
n  n? o  a  ^xPosure  Time  1800  Seconds,  Stagnation  Pressure 
0.  0J  3  Atm,  Stagnation  Enthalpy  8850  BTU/lb,  Cold  Wall 
Heat  Flux  210  BTU/£t2sec,  Initial  Length  735  Mils,  Final 
Length  714  Mils.  Hot  Face  at  Right.  One  Inch  Scale. 
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Figure  141.  Arc  Plasma  Test  Si/RVC(B-8)-4M,  Surface  Temperature 
3770  F,  Exposure  Time  240  Seconds,  Stagnation  Pressure 
1.06  Atm,  Stagnation  Enthalpy  3270  BTU/lb,  Cold  Wall  Heat 
Flux  476  BTU/ft2sec,  Intial  Length  739  Mils,  Final  Length 
727  Mils,  Hot  Face  at  Right.  One  Inch  Scale. 


Figure  142,  Arc  Plasma  Test  Si/RVC(B-8) -4M.  SiC  Coating  (Top). 
Did  Not  Fail. 


146 
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Figure  144.  Arc  Plasma  Test  PT0178(B-9)-9R,  Surface  Temperature 
5040°F,  Exposure  Time  400  Seconds,  Stagnation  Pressure 
0.030  Atm,  Stagnation  Enthalpy  16050  BTU/lb,  Cold  Wall 
Heat  Flux  763  BTU/£t2sec,  Initial  Length  1091  Mils,  Final 
Length  675  Mils,  Hot  Face  at  Right.  One  Inch  Scale. 


Unetched  X250 


Figure  145.  Arc  Plasma  Test  PT0l78{B-9)-9R.  Interface  Showing 
Random  Orientation  of  Fibers. 
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Figure  146.  Arc  Plasma  Test  PT0178(B-9)-5M,  Surface  Temperature 
5985°F,  Exposure  Time  54  Seconds,  Stagnation  Pressure 
1.07  Atm,  Stagnation  Enthalpy  5590  BTU/lb,  Cold  Wall 
Heat  Flux  940  BTU/ft^sec,  Initial  Length  1080  Mils,  Final 
Length  801  Mils.  Hot  Face  at  Right.  One  Inch  Scale. 


Figure  147.  Arc  Plasma  Test  Pf0178(B-9)-5M.  Interface  Showing 
Random  Orientation  of  Fibers. 
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Figure  149.  Arc  Plasma  Test  POCO(B-IO)-10R,  Surface  Temperature 
5350°F,  Exposure  Time  250  Seconds,  Stagnation  Pressure 
0.218  Atm,  Stagnation  Enthalpy  10890  BTU/lb,  Cold  Wall 
Heat  Flux  1102  BTU/ft2sec,  Initial  Length  836  Mils,  Final 
Length  308  Mils.  Hot  Face  at  Right.  One  Inch  Scale. 


Figure  150.  POCO(B-10)-10R.  Hot  Interface. 
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Figure  151.  Arc  Plasma  Test  POCO(B-10)-5M,  Surface  Temperature 
6120°F,  Exposure  Time  44  Seconds,  Stagnation  Pressure 
1.11  Atm,  Stagnation  Enthalpy  9195  BTU/lb,  Cold  Wall 
Heat  Flux  1060  BTU/ft^sec,  Initial  Length  841  Mils,  Final 
Length  679  Mils.  Hot  Face  at  Right.  One  Inch  Scale. 


Plate  No.  1-7762 
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Figure  152.  Arc  Plasma  Test  POCO  (B-10)-5M.  Hot  Interface. 
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Figure  153.  Post  Exposure  Photographs  f  A.rc  Plasma  Tests 
Glassy  Carbon(B- 1 1)- 1M,  21 3M  and  4M. 
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Figure  .154.  Arc  Plasma  Test  Glassy  Carbon  (B-11)-3M,  Surface  Tem¬ 
perature  4540°F,  Exposure  Time  54  Seconds,  Stagnation 
Pressure  1.03  Atm,  Stagnation  Enthalpy  3785  BTU/lb, 

Cold  Wall  Heat  Flux  360  BTU/ft2  sec,  125  Mils  Recession, 
Hot  Face  Up.  One  inch  Scale. 


Figure  155,  Arc  Plasma  Test  Glassy  Carbon  (B- 1 1)-3M,  Hot  Surface  Down. 
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Plate  No.  2-0625 


Figure  156.  Post  Exposure  Photographs  of  Arc  Plasma  Tests 
HfC+C(C- 11)-  1M,  2M,  3M,  4M,  5M,  21M,  22M, 
23M,  24R,  25R  and  26R. 
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Plate  No.  1-7669 
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Plate  No.  1-9493 
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Figure  157.  Post  Exposure  Photographs  of  Arc  Plasma  Tests 

HfC+C(C-ll)-7R,8R,9R,  10R,  11R,  12R,  13M.14M,  15M, 
16M,  17M,  18M,  19R  and  20R 
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Figure  158.  Arc  Plasma  Test  HfC  +  C(C-11)-15M,  Surface  Temperature 
’  3865°F,  Exposure  Time  1800  Seconds,  Stagnation  Pressure 

1,01  Atm.  Stagnation  Enthalpy  2830  BTU/lb,  Cold  Wall  Heat 
Flux  235  BTU/ft^  sec,  47  mils  Recession,  Hot  Face  Up. 

One  Inch  Scale. 


Figure  L59. 


Arc  Plasma  Test  HfC  +  C  (C-11)-15M,  Hot  Surface  Oxide 
at  Top. 


Figure  l60.  Arc  Plasma  Test  HfC  +  C(C-11)-10R,  Surface  Temperature 
4875°F  Exposure  Time  1800  Seconds,  Stagnation  Pressure 
0.066  Atm.  Stagnation  Enthalpy  11,850  BTU/lb,  Cold  Wall 
Heat  Flux  614  BTU/ft^  sec,  20  Mil  Recession,  Hot  Face 
Down,  One  Inch  Scale. 


Figure  161.  Arc  Plasma  Test  HfC  +  C(C-11)-10R,  Hot  Surface,  Oxide 
on  Top, 
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Figure  162.  Arc  Plasma  Test  HfC  +  C  (C-11)-12R,  Surface  Temperature 
5545°F,  Exposure  Time  160  Seconds,  Stagnation  Pressure 
0.017  Atm.  Stagnation  Enthalpy  15,420  BTU/ft2  sec,  Cold 
Wall  Heat  Flux  756  BTU/ft2  sec.  110  Mils  Recession,  Hot 
Face  Up.  One  Inch  Scale. 


Unetched  X50 


Figure  163.  Arc  Plasma  Test  HfC  +  C  (C-11)-12R,  Hot  Surface. 


Figure  164.  Arc  Plasma  Test  H£C+C(C-1 1)-1  M,  Surface  Temperature 

5250°F,  Exposure  Time  1185  Seconds,  Stagnation  Pressure 
1.07  Atm,  Stagnation  Enthalpy  4670  BTU/lb,  Cold  Wall  Heat 
Flux  635  BTU/ft^sec,  Initial  Length  407  Mils,  Final  Length 
348  Mils.  Hot  Face  at  Right.  One  Inch  Scale.  White  Oxide 
Clearly  Visible. 


Unetched  X250 


Plate  No.  1-7440 


Figure  165.  ilfC+C(C-l  1) -1M.  Interface  of  Oxide  (Top)  and Ca  iblrle 
Matrix. 
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Figure  166.  Arc  Plasma  Test  H£C+C(C-11)-4M,  Surface  Temperature 
6250°F,  Exposure  Time  45  Seconds,  Stagnation  Pressure 
1.08  Atm,  Stagnation  Enthalpy  5200  BTU/ lb,  Cold  Wall 
Heat  Flux  755  BTU/ft2sec,  Initial  Length  404  Mils,  Final 
Length  256  Mils,  Hot  Face  at  Right.  One  Inch  Scale. 


Unetched  X250 

Figure  167.  HfC+C(C-l  1)-4M.  Interlace  of  Oxide  (Top)  and 
Carbide  Matrix. 
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Plate  No.  1-8789 
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Plate  No.  1-9519 
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figure  169.  J°st  Exposure  Photographs  of  Arc  Plasma  Teste 

fiiS!?™  ind  ™R8R'  9R'  10R'  ‘ 1R'  12“'  l3M'  UM'  l5M. 
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Figure  170.  Arc  Plasma  Test  ZrC  +  C(C-12)-15M,  Surface  Temperature 
3900°F,  Exposure  Time  1800  Seconds,  Stagnation  Pressure 
1.01  Atm.  Stagnation  Enthalpy  2750  BTU/lb,  Cold  Wall 
Heat  Flux  235  BTU/ft^  sec.  64  Mils  Recession,  Hot  Face 
Up,  One  Inch  Scale. 
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Figure  171.  Arc  Plasma  Test  ZrC  +  C(C-12)-15M,  Hot  Surface  Oxide 
on  Top, 
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Figure  L72.  Arc  Plasma  Test  ZrC  +  C(C-12)-10R,  Surface  Temperature 
5030°F,  Exposure  Time  1800  Seconds  ,  Stagnation  Pressure 
0.093  Atm.  Stagnation  Enthalpy  11,030  BTU/lb,  Cold  Wall 
Heat  Flux  548  BTU/ft^  sec,  32  Mils  Recession,  Hot  Face 
Up.  One  Inch  Scale. 
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Arc  Plasma  Test  ZrC+C(C- 12)- 10R,  Hot  Surface  Oxide 
at  Top. 


1 65 


Figure  173. 


Figure  174.  Arc  Plasma  Test  ZrC+C(C-12)-7R,  Surface  Temperature 

4955° F>  Exposure  Time  1800  Second  s ,  Stagnation  Pressure 
0.084  Atm.  Stagnation  Enthalpy  11,100  BTU/lb,  Cold  Wall 
Heat  Flux  775  BTU/ft^  sec,  209  Mils  Recession,  Hot  Face 
Down.  One  Inch  Scale. 


Figure  175.  Arc  Plasma  Tost  ZrCl C(C-  12)-7R,  Ilot  Surface  Oxide 
at  Tup. 
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Figure  176.  Arc  Plasma  Test  ZrC+C(C-12)-3M,  Surface  Temperature 
5970°f,  Exposure  Time  23  Seconds,  Stagnation  Pressure 
1.08  Atm,  Stagnation  Enthalpy  4580  BTU/lb,  Cold  Wall 
Heat  Flux  660  BTU/ft^sec,  Initial  Length  404  Mils,  Final 
Length  379  Mils.  Hot  Face  at  Right.  One  Inch  Scale. 
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Figure  177.  Arc  Plasma  Tost  ZrC+C(C-12)-3M,  Interface  of 
Molted  Oxide  (Top)  and  Carbide  Matrix. 
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Figure  178.  Arc  Plasma  Test  ZrC+C(C-12) -5M,  Surface  Temperature 
4860°F,  Exposure  Time  1800  Seconds,  Stagnation  Pressure 
1.07  Atm,  Stagnation  Enthalpy  4460  BTU/lb,  Cold  Wall 
Heat  Flux  620  BTU/ft2sec,  Initial  Length  407  Mil,  Final 
Length  341  Mils.  Hot  Face  at  Right.  One  Inch  Scale,  White 
Oxide  Clearly  Visible.  Rear  Broke  on  Removal  after  Test. 
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Figure  179.  ZrC+C(C-12)-5M.  Interface  of  Oxide  (Top)  and 

Carbide  Matrix. 
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(D-l  3)-24M  X0.88 

Hot  Face  Oa  Right 

Figure  180.  Post  Exposure  Photographs  of  Arc  Plasma  XeBts  JTA(C«ZrB2>-SiC) 
(D-13)-21M,  22M,  23M  and  24M,  Showing  Thermal  Shock  Delamina- 
tions  of  JTA(D-13)-23M  and  24M. 


Plate  1  -4275 


Figure  181 . 


Post  Exposure  Photographsof  Arc  Plasma  Testa  JTA(C»ZrB2»SiC) 
(D-13)-1M,  2M,  3M,  4M,  5M  and  6M.  Hot  Face  Pointing  Down. 
Samples  3M  and  5M  Show  Thermal  Shock  Failures,  Sample  2M  is 
Propped  on  Support.  One  Inch  Scale. 
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Figure  182.  Post  Exposure  Photographs  of  Arc  Plasma  Tests  JTA(D-13)-8R 
and  9R  (Hot  Face  Up)  and  7R  (Hot  Face  Down),  One  Inch  Scale. 
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Figure  184.  Post  Exposure  Photographs  of  Are  Plasma  Tests 
JTA(D- 1 3)- 10R,  4SMX  and  49RX. 
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Figure  185.  Arc  Plasma  Test  JTA(C-ZrB2-SiC)(D-13)-22M,  Surface  Tempera¬ 
ture  3750°F,  Exposure  Time  1830  Seconds,  Stagnation  Pressure 
1  Atm,  Stagnation  Enthalpy  3075  BTU/lb,  Cold  Wall  Heat  Flux 
460  BTU/ ft2 sec.  Initial  Length  1050  Mils,  Final  Length  977  Mils. 
Hot  Face  at  Right,  One  Inch  Scale. 


172 


Plate  No. 
1-2789 


500X 


Figure  187.  Arc  Plasma  Test  J TA(C- ZrB-,- SiC)(D- 1 15)- 22M,  Matrix 
Sting  Leg  Showing  White  ZrB^  Grains  and  Light  Grey 
SiC  Grains  in  Dark  Grey  Graphite  Matrix. 
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Figure  1S8,  Arc  Plasma  Test  JTA(D-13)-4M,  Surface  Temperature 

4560°F,  Exposure  Time  214  Seconds,  Stagnation  Pressure 
1.08  Atm,  Stagnation  Enthalpy  4320  BTU/lb,  Cold  Wall 
Heat  Flux  660  BTU/ft^sec,  Initial  Length  645  Mil,  Final 
Length  125  Mil.  Hot  Face  at  Right.  One  Inch  Scale. 


Figure  189.  Arc  Plasma  Tests  JTA(D-1 3) -4M.  Melted  Interface, 
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Plate  No.  1-4520 
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Figure  190.  Arc  Plasma  Test  JTA(D-13)-7R,  Surface  Temperature 
4665°F,  Exposure  Time  1000  Seconds,  Stagnation 
Pressure  0.074  Atm,  Stagx.ation  Enthalpy  9520  BTU/lb, 
Cold  Wall  Heat  Flux  500  BTU/ft2sec,  Initial  Length 
681  Mil,  Final  Length  637  Mil,  Hot  Face  At  Right, 

One  Inch  Scale.  White  Oxide  Clearly  Visible. 
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E  igure  191.  Arc  Plasma  Test  JTA(D-13)-7R.  Oxide  Detached 
at  Top  Interface. 
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Figure  192.  Arc  Plasma  Test  JTAjD-l 3)-SR,  Surface  Temperature 

5305°F,  Exposure  Time  180  Seconds,  Stagnation  Pressur 
0. 164  Atm,  Stagnation  Enthalpy  7310  BTU/lb,  Cold  Wall 
Heat  Flux  770  BTU/ft^sec,  Initial  Length  713  Mil,  Final 
Length  132  Mil.  Hot  Face  at  Right.  One  Inch  Scale, 


Unetched  X250 


Figure  193.  Arc  Plasma  Test  JTA(D«1  3)-8R,  Melted  Interface. 


Figure  194.  Arc  Plasma  Test  JTA(D- 13)-48MX  Surface  Temperature 
4050°F,  Exposure  Time  7200  Seconds  (4  cyclic  exposures 
each  of  1800  seconds),  Stagnation  Pressure  1.01  Atm. 
Stagnation  Enthalpy  4350  BTU/lb,  Cold  Wall  Heat  Flux 
380  BTU/ft^sec,  118  Mils  Recession,  Hot  Face  Down, 

One  Inch  Scale. 
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Figure  197.  Arc  Pla.rna  Test  JTAID-  131-49RX,  Hot  Surfac 
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Figure  198. Post  Exposure  Photographs  of  Arc  Plasma  Tests  KT-SiC(E- 14)-3R, 
4R,  5R,  6R,  7Rv  LM,  2M,  3M,  4M,  5M,  6M,  7M  and  8M.  Hot  Face 
Pointing  Up.  Sample  6M  Ablated  Completely  While  7M  and  8M  showed 
Longitudinal  Cracks. 


KT-SiC(E-14)-lR  X3  KT-SiC(E- 1 4)- 2R  X2.5 

Figure  199.  Post  Exposure  Photographs  of  Arc  Plasma  Tests  KT-SiC 
(E- 14)- 1R  and  2R,  Hot  Face  Pointed  Up.  Sample  KT-SiC 
(E-  i4)-2R  Ablated  Completely  and  is  Shown  Mounted  on 
Tungsten  Sting. 
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Plate  No. 
1-2801 


Figure  200. 


Figure  201 . 
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Arc  Plasma  Teat  KT~SiC(E-14) -4M,  Surface  Temperature 
367 0°F,  Exposure  Time  1835  Seconds,  Stagnation  Enthalpy 
4155  BTU/lb,  Stagnation  Pressure  1  Atm,  Cold  Wall  Heat 
Flux  600  BTU/ft^sec,  Initial  Length  841  Mils,  Final  Length 
834  Mils.  Hot  Face  at  Right.  One  Inch  Scale. 


Arc  Plasma  Test  KT-SiC(E-14)-4M,  Hot  Face  Showing 
Light  Grey,  SiC  Grains  and  White  Silicon  Binder  Phase, 
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Figure  202.  Arc  Plasma  Test  KT-SiC(E-  14)-5M,  Surface  Temperature 
4440°F,  Exposure  Time  165  Seconds,  Stagnation  Pressure 
1.08  Atm.  Stagnation  Enthalpy  4910  BTU/lb,  Cold  Wall 
Heat  Flux  810  BTU/ft2  sec,  425  Mil  Recession,  Hot  Face 
Up.  One  Inch  Scale. 


Plate  No.  1-4739 


Etched  Electrolytically  with  5%  KOH  Solution  X  250 

Figure  203.  Arc  Plasma  Test  KT-SiC(E- 14)-5M,  Hot  Surface. 
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Plat^  No.  1  *4957 


Figure  204.  Arc  Plasma  Test  KT-SiC(£-14)-7R,  Surface  Temperature 
3060°F,  Exposure  Time  1800  Seconds,  Stagnation  Pressure 
0.097  Atm,  Stagnation  Enthalpy  10880  BTU/lb,  Cold  Wall 
Heat  Flux  652  BTU/ft^sec,  Initial  Length  679  Mils,  Final 
Length  655  Mils.  Hot  Face  at  Right.  One  Inch  Scale. 
Specimen  Cracked  by  Thermal  Shock. 


Plate  No.  1-4958 


Electrolytic  Etch  5%KOH 


X250 


Figure  205.  Arc  Plasma  Test  KT-SiC(E-14)-7R.  Hot  Interface. 
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Plate  1-2762 


X0.88 

Figure  206.  Post  Exposure  Photographs  of  Arc  Plasma  Tests  JT0992 
(C-HfC-SiC)  (F-15)-1M,2M,3M,4M,5M  and  6M.  Hot 
Face  Pointed  Up. 


Figure  207 .  Post  Exposure  Photographs  of  Arc  Plasma  Tests  JT0992 
(C-HfC-SiC)  (F-15)  (Billet  2/G/6)-lR,  2R,  4R,  5R,  6R  and 
8R.  One  Inch  Scale,  Hot  Face  Pointed  Up. 


Plate  1-3504 
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(F-15)-3R  X0.88  (F-15)-7R  X0. 88 

Figure  208.  Post  Exposure  Photographs  of  Arc  Plasma  Tests  JT0992 
(C-HfC-SiC)  (F-15)  (Billet  2/G/6J-3R  and  7R.  Hot  Face 
at  Right  Pointed  toward  Left  in  3R  and,  Hot  Face  at  Right 
in  7R  Illustrating  Thermal  Shock  Failures. 
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Plate  No.  1-2769 


Figure  209.  Arc  Plasma  Teat  JT0992(F-15)-3M,  Surface  Temperature 
4930°F.  Exposure  Time  300  Seconds,  Stagnation  pressure 
1,10  Atm,  Stagnation  Enthalpy  4285  BTU/lb,  Cold  Wall 
Heat  Flux  770  BTU/ft^sec,  Initial  Length  1054  Mil,  Final 
Length  692  Mil.  Hot  Face  at  Right.  One  Inch  Scale.  Some 
Side  Recession. 
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Figure  210.  Arc  Plasma  Test  JT0992(F-15) -3M.  Melted  Interface. 
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Plate  No.  1-2766 
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Figure  21  1.  Arc  Plasma  Tost  JT0992(F»1 5) -2M,  Surface  Temperature 

3470  F,  Exposure  Time  1173  Seconds,  Stagnation  Pressure 
1.07  Atm,  Stagnation  Enthalpy  2105  BTU/lb,  Cold  Wall 
Heat  Flux  430  BTU/ft2sec,  Initial  Length  1033  Mil,  Final 
Length  999  Mil.  Hot  Face  at  Right,  One  Inch  Scalo.  Severe 
Recession  at  Sides  and  Rear. 


Figure  212.  Arc  Plasma  Test  JT0992(F-1  5)-2M.  Oxide  (Top). 
Detached  from  Matrix  at  Hot  Interface. 
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Figure  213.  Arc  Plasma  Test  JTQ992(C-HfC-SiC)(F-15)-5R,  Surface 
Temperature  5225°F,  Exposure  Time  1200  Seconds, 
Stagnation  Pressure  0.027  atm,  Stagnation  Enthalpy  14550 
BTU/lb,  Gold  Wall  Heat  Flux  500  BTU/ft2sec,  Initial 
Length  988  Mils,  Final  Length  £65  Mils.  Hot  Face  at 
Right.  One  Inch  Scale, 
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Plate  1-3653 


X250 

Figure  214.  Arc  Plasma  Test  JT0992(C-HfC-SiC)(F-15)-5R, Hot  Face  Interface. 

Matrix  at  Left  Containing  White  HfC  Grains  and  Light  Grey  SiC 
Grains  in  a  Dark  Grey  Graphite  Matrix.  Oxide  Skin  is  Out  of  Focus. 


Plate  1-3655 


X500 


Figure  215.  Arc  Plasma  Test  JT0992  (C-HfC-SiC)(F-  15)-5R,  Sting  Leg  Matrix 
Showing  White  HfC  Grains  and  Light  Grey  SiC  Grains  in  a  Dark 
Grey  Graphite  Matrix. 
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Plate  1-3646 
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Figure  216,  Arc  Plasma  Test  jT0992(C-H£C-SiC)(F-15)-2R, Surface  Temperature 
5630°F,  Exposure  Time  110  Seconds,  Stagnation  Pressure  0.287  Atm, 
Stagnation  Enthalpy  9390  BTU/lb, Cold  Wall  Heat  Flux  1145  ,BTU/ft  sec. 
Initial  Length  994  Mils,  Final  Length  594  Mils.  Hot  Face  at  Right.  One 
Inch  Scale. 


XI 5 


Plate  1-4465 


Figure  217.  Arc  Plasma  Test  JT0992  (C-HfC-SiC)  (F-15)-2R.  Hot  Face  Interface 
Zone,  Matrix  on  Left,  Zone  Depleted  of  Carbides  on  Right. 
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Hot  Face  to  Right  Hot  Face  to  Right 

Figure  218.  Post  Exposure  Photographs  of  JT0981  (C-ZrC-SiC)  (F-l6)-21M, 
22M,  23M  and  24M  Showing  Thermal  Shock  Failures.  (F-16)-22M 
Experienced  Low  Temperature  (3870°F)  Oxidation  for  1830  Seconds 
Prior  to  Failure. 


Figure  219.  Post  Exposure  Photographs  of  JT0981  (C-ZrC-SiC)  (F-16)-2M, 

3M,  4M,  5M,  6M  and  7M.  Samples  2M,  6M  and  7M  Exhibited  Thermal 
Shock  Failures  While  5M. Experienced  Low  Temperature  (3910°F) 
Oxidation.  One  Inch  Scale. 
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Plate  No. 
1-4183 


Figure  221.  Arc  PlaBma  Test  JT0981  (C-ZrC-SiC)(F- 16) -22M,  Surface 
Temperature  3870°F,  Exposure  Time  1830  Seconds, 
Stagnation  Pressure  1  Atm. ,  Stagnation  Enthalpy  3230 
BTU/lb,  Cold  Wall  Heat  Flux  460  BTU/ftssec,  Initial 
Length  1055  Mils,  Hot  Face  at  Right.  One  Inch  Scale, 
Exposure  Illustrates  Extensive  .Side  Face  Oxidation 
Occurring  at  Low  Temperature  where  Protective  Oxide 
Formation  does  not  Occur. 
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Figure  222.  Arc  Plasma  Test  JT0981(F-16)-5M,  Surface  Temperature 
3910°F,  Exposure  Time  1830  Seconds,  Stagnation  Pressure 
1 . 06  Atm,  Stagnation  Enthalpy  2485  BTU/lb,  Cold  Wall 
Heat  Flux  390  BTU/ft2sec,  Initial  Length  692  Mil,  Final 
Length  586  Mil.  Hot  Face  at  Right.  One  Inch  Scale.  Severe 
Side  Recession. 


Unetched  X250 

Figure  223.  Arc  Plasma  Test  JT0981(F-16)-5M.  Interface  of 
Oxide  and  Matrix. 
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Plate  No.  1-4610 


X2.69 


Figure  224,  Arc  Plasma  Test  JT0981(F-16)-4M,  Surface  Temperature 
4990°F,  Exposure  Time  148  Seconds,  Stagnation  Pressure 
1.08  Atm,  Stagnation  Enthalpy  3475  BTU/lb,  Cold  Wall 
Heat  Flux  640  BTU/ft^sec,  Initial  Length  565  Mil,  Final 
Length  266  Mil.  Hot  Face  at  Right.  One  Inch  Scale. 

Some  Side  Recession. 


Unetched  X250 

Figure  225.  Arc  Plasma  Test  JT0981(F-16)-4M.  Interface  of 
Oxide  and  Matrix. 
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Plate  No.  1-4636 


Figure  226.  Arc  Plasma  Test  JT0981(F-16)-9R,  Surface  Temperature 
4695°F,  Exposure  Time  1800  Seconds,  Stagnation  Pressure 
0.075  Atm,  Stagnation  Enthalpy  9120  BTU/lb,  Cold  Wall 
Heat  Flux  523  BTU/ft^sec,  Initial  Length  696  Mil,  Final 
Length  655  Mil.  Hot  Face  at  Right.  One  Inch  Scale. 


Plate  No.  1-4637A 


Unetched  X75 

Figure  227.  JT0981(F-16)-9R.  Oxide  (Top).  Detached  from 
Matrix. 
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Plate  No.  1-4624 


X3.06 

Figure  228.  Arc  Plasma  Test  JT0981{F-16)-1R,  Surface  Temperature 
5065°F,  Exposure  Time  150  Seconds,  Stagnation  Pressure 
0.179  Atm,  Stagnation  Enthalpy  7430  BTU/lb,  Cold  Wall 
Heat  Flux  747  BTU/ft*sec,  Initial  Length  694  Mil,  Final 
Length  338  Mil.  Hot  Face  at  Top.  One  Inch  Scale. 
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Figure  229.  Arc  Plasma  Test  JT0981(F-1 6) -1R,  Melted  Interface 
at  Top. 
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Figure  23 D.  Post  Exposure  Photographs  of  Tungsten  and  Molybdenum 
Samples  Employed  in  Temperature  Calibration  Tests  in 
the  Model  500  (M)  and  ROVERS  (R)  Facilities. 
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Plate  No.  1-4283 


Figure  231. 


Post  Exposure  Photographs  of  5  Mil  WSi2  Coated  W; 
WSi2/W(G-18)-lM,2M,  3M,4M,5M,  11M.12M,  13M, 
14M.9R  and  10R.  Hot  Face  Pointed  Down.  One  Inch 
Scale. 
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Figure  232.  Post  Exposure  Photographs  of  5  Mil  WSiz  Coated  W; 

WSi2/W(G-18)-6R,  7R  and  8R.  Hot  Face  Pointed  Up. 
One  Inch  Scale. 
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Figure 233,  Post  Exposure  Photographs  of  5  Mil  WSb  Coated  W 
WSi,/W(G-18)-17M,18M,  19M.Z0M.21M,  22M.23R 
and  24R. 
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Plate  No.  1-5363 
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Figure  234.  Arc  Plasma  Test  WSi,/W(G-13) -4M,  Surface  Temperature 
3210°F,  Exposure  Time  1830  Seconds,  Stagnation  Pressure 
1.05  Atm,  Stagnation  Enthalpy  2785  BTU/lb,  Cold  Wall 
Heat  Flux  460  BTU/ft2seo,  Initial  Length  449  Mil,  Final 
Length  442  Mil.  Hot  Face  at  Right.  One  Inch  Scale.  No 
Coating  Failure. 


Etched  with  Murakami*  s  Reagent  0.  394  Mils  per  Small  Division  (X200) 

Figure  235.  Arc  Plasma  Test  WS^/ W(G-18)-4M.  Interface  Showing 
WsSij  Zone. 
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Plate  No.  1-5411 


Figuro  236a.  Arc  Plasma  Teat  WSi2/W(G-18)-6R,  Surface 
Temperature  2830°F,  Exposure  Time  1800 
Seconds,  Stagnation  Pressure  0. 082  Atm,  Stag¬ 
nation  Enthalpy  8310  BTU/lb,  Cold  Wall  Heat 
Flux  554  BTU/ft2sec,  Initial  Length  455  Mils, 
Final  Length  434  Mils.  Hot  Face  at  Right,  One 
Inch  Scale  Arc  Conditions  are  for  Most  of 
Test  (See  Table  39).  Coating  Intact. 


Etched  with  Murakami's  Reagent, 0.  394  Mils  per  Small  Division  (X200) 

Figure  236b.  Arc  Plasma  Test  WSi2/W(G-18)-6R.  Interface  Showing 
W5Si3  Zone. 
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Figure  238.  Post  Exposure  Photographs  of  8  Mil  Sn-Af-Mo  Coated 
Ta-lOW;  Sn-AZ/Ta-10W(G-19)-lM,  2M,3M,  4M,5M,6R, 
7R,8R,  9R.  10R,  11R  and  12R  Arc  Plasma  Test  Samples. 
Hot  Face  Pointing  Down.  Samples  1M  and  5M  Illustrate 
Coating  Failure  and  Melting  of  Ta^Oe.  Samples  6R  and 
8R  Uluatrate  Coating  Failures  and"  Melting  of  Tantalum. 
One  Inch  Scale. 
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X2.  69 


Figure  239.  Arc  Plasma  Test  Sn-Al/Ta-W(G-19)-4M,  Surface 

Temperature  3000°F,  Exposure  Time  1830  Seconds, 
Stagnation  Pressure  1.05  Atm,  Stagnation  Enthalpy 
2980  BTU/lb,  Cold  Wall  Heat  Flux  350  BTu/ft2sec, 
Initial  Length  378  Mil,  Final  Length  367  Mil.  Hot 
Face  at  Right.  One  Inch  Scale.  Coating  Did  not  Fail. 


Unetched  X250 


Plate  No.  1-5041 


Figure  240.  Sn-AJ/Ta-W(G-19)-4M.  Interface  of  Sn-A l 
Coating  (Top)  and  Ta-W  Matrix. 


Figure  241.  Arc  Plasma  Test  Sn-AZ/Ta-W(G-19)-lM,  Surface 
Temperature  5090°F,  Exposure  Time  140  Seconds, 
Stagnation  Pressure  1.06  Atm,  Stagnation  Enthalpy 
2880  BTU/lb,  Cold  Wall  Heat  Flux  390  J3TU/ft2sec, 
Initial  Length  368  Mil,  Final  Length  244  Mil.  Hot 
Face  at  Right,  One  Inch  Scale.  Coating  Failed. 


Figure  242.  Arc  Plasma  Test  Sn-AI /Ta-W(G-19)-1M.  Interface 
of  Melted  Region  and  Matrix. 


X3.18 

Figure  243.  Arc  Plasma  Test  Sn-AI/Ta-W(G-19)-9R.,  Surface 

Temperature  2950°F,  Exposure  Time  1800  Seconds, 
Stagnation  Pressure  0.010  Atm,  Stagnation  Enthalpy 
10520  BTU/lb,  Cold  Wall  Heat  Flux  158  BTU/£tzsec, 
Initial  Length  362  Mil,  Final  Length  342  Mil.  Hot 
Face  at  Top.  One  Inch  Scale.  Coating  Did  Not  Fail. 


Figure  244..  Arc  Plasma  Test  Sn-AJ/Ta-W(G-19)-9R.  Interface 
of  Coating  (Right)  and  Matrix. 


X3.18 

Figure  245.  Sn-AZ/Ta-W(G-19)-8R,  Surface  Temperature  3670°F, 

Exposure  Time  400  Seconds,  Stagnation.  Pressure  0.011 
Atm,  Stagnation  Enthalpy  11440  BTU/lb,  Cold  Wall  Heat 
Flux  200  BTU/ft2sec,  Initial  Length  361  Mil,  Final 
Length  322  Mil.  Hot  Face  at  Top.  One  Inch  Scale.  Coating 
Failed. 


Unetched  X250 

Figure  246.  Arc  Plasma  Test  Sn-AZ/Ta-W(G-l9)-8R.  Interface 
of  Melted  Ta-W  (Right)  and  Matrix. 


206 


Plate  No.  1-9531  Plate  No.  1-9518 
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Figure  247.  Post  Exposure  Photographs  of  Arc  Plasma  Tests  W+Zr+Cu(G-20)-lM,  2M,  3M,  4M, 
5M,  6M,  7R,  8R  aud  9R. 


Figure  248.  Arc  Plasma  Teat  W+Zr+Cu(G»20) -6M,  Surface 

Temperature  2420°F,  Exposure  Time  1800  Seconds, 
Stagnation  Pressure  1.01  Atm.  ,  Stagnation  Enthalpy 
1830  BTU/lb,  Cold  Wall  Heat  Flux  155  BTU/ft2suc, 
Initial  Length  427  Mils,  Final  Length  262  Mils.  Hot 
Face  Up,  One  Inch  Scale. 


Figure  249.  Arc  Plasma  Test  W+Zr+Cu(G-20) -6M,  Hot  Interface 
at  Top. 
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Figure  250.  Arc  Plasma  Test  W+Zr+Cu(G-20) -2M,  Surface 

Temperature  3345°F,  Exposure  Time  324  Seconds, 
Stagnation  Pressure  1.01  Atm.,  Stagnation  Enthalpy 
3030  BTU/lb,  Cold  Wall  Heat  Flux  170  BTU/ft^sec, 
Initial  Length  500  MUb,  Final  Length  388  Mils,  Hot 
Face  Up.  One  Inch  Scale. 


Plate  No. 
1-9713 


Etched  with  Murikami's  Reagent  X250 


Figure  251.  Arc  Plasma  Test  W+Zr+Cu(G-20) -2M,  Hot  Interface 
at  Top. 
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Plate  No. 
1-9748 


X2.80 


Figure  252.  Arc  Plaoma  Test  W  +  Zr+Gu(G-20)-9R»  Surface  Tempera¬ 
ture  5300°F,  Exposure  Time  775  Seconds,  Stagnation 
Pressure  0.100  Atm.,  Stagnation  Enthalpy  10680  BTU/lb, 
Cold  Wall  Heat  Flux  584  BTU/ft2sec,  Initial  Length  433 
Mils,  Final  Length  411  Mils.  Hot  Face  Up.  One  Inch  Scale. 


Etched  with  Murikami's  Reagent  X250 


Plate  No. 
1-9749 


Figure  253,  Arc  Plasma  Test  WtZr+Cu(G-20) -9R.  Hot  Interface 
at  Top. 
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Figure  254,  Arc  Plasma  Test  W+Zr+Cu(G-20) -8R,  Surface  Tempera¬ 
ture  5205°F,  Exposure  Time  500  Seconds,  Stagnation 
Pressure  0.135  Atm.,  Stagnation  Enthalpy  11980  BTU/lb, 
ColdWall  Heat  Flux  662  BTU/ft2sec.  Initial  Length  438 
Mils,  Final  Length  181  Mils,  Hot  Face  Up.  One  Inch 


Scale,  StinK  Shown  in  Place. 


w wr tc 

Etched  with  Murikami's  Reagent  X250 


Plate  No. 
1-9743 


Figure  255,  Arc  Plasma  Test  W+Zr+Cu(G-20) -8R  Hot  Interface  at 
Top. 
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Plate  No.  1-9532 
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Figuro  256.  Post  Exposure  Photographs  of  Arc  Plasma  Tests 
W  +  Ag(G-21)-lM,2M,3M,  4M,  5M  and  6M. 
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Figure  257.  Arc  Plasma  Test  W+Ag{C-21)-6M,  Surface  Temperature 
2545°F,  Exposure  Time  1800  Seconds,  Stagnation  Pres- 
sure  1.01  Atm.,  Stagnation  Enthalpy  2000  BTU/lb, 

Gold  Wall  Heat  Flux  160  BTU/ft^sec,  Initial  Length 
445  Mils,  Final  Length  387  Mils,  Hot  Face  Down. 

One  Inch  Scale 


Plate  No. 
2-0693 


Etched  with  Murikami's  Reagent  X250 


Figure  258.  Arc  Plasma  Test  W+Ag(G-21) -6M.  Hot  Interface  at 
Top. 
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Figure  259.  Arc  Plasma  Test  W+Ag(G-21) -5M,  Surface  Temperature 
3050°F,  Exposure  Time  460  Seconds,  Stagnation  Pres¬ 
sure  1.01,  Stagnation  Enthalpy  2760  BTU/lb,  Cold  Wall 
Heat  Flux  210  BTU/ftzsec,  Initial  Length  439  Mils,  Final 
Length  301  Mils,  Hot  Face  Down.  One  Inch  Scale. 


Etched  with  Murikami's  Reagent  X250 


Plate  No. 
1-9769 


Figure  260.  Arc  Plasma  Test  W+Ag(G-21)-5M.  Hot  Interface 
at  Top. 


214 


Plate  No.  1-7743 
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Figure  261.  Post  Exposure  Photographs  of  Arc  Plasma  Tests  S1O7+ 
68.  5w/o{H-22)-lM,2M,  3M,  4M,  5M,  6M,  7R,  8R,  9R,  10R 
and  11R. 


215 


X3.00 


Plate  No.  1-7753 


Figure  262. 


Arc  Plasma  Test  Si02  +  68.5  w/o  W(H-22)-4M,  Surface 
Temperature  5205°F,  Exposure  Time  1800  Seconds,  Stag¬ 
nation  Pressure  1.08  Atm.  Stagnation  Enthalpy  5500  BTU/lb 
Cold  Wall  Heat  Flux  780  BTU/ft2  sec,  428  Mil  Recession, 
Hot  Face  Down.  One  Inch  Scale. 


X3.0O 


Figure  263.  Arc  Plasma  Test  ^i02  +  68,  5  w/o  W(H-22)-2M,  Surface 
Temperature  4505  F,  Exposure  Time  1557  Seconds, 
Stagnation  Pressure  1.07  Atm,  Stagnation  Enthalpy  4110 
BTU/lb,  Cold  Wall  Heat  Flux  580  BTU/ft2  sec,  19  Mil 
Recession,  Hot  Face  Up,  One  Inch  Scale. 
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Figure  264.  Arc  Plasma  Test  Si02  +  68,5  w/o  W(H-22)-10R,  Surface 
Temperature  3750°F,  Exposure  Time  600  Seconds, 
Stagnation  Pressure  0.009  Atm.  Stagnation  Enthalpy  13,100 
BTU/lb,  Cold  Wall  Heat  Flux  230  BTU/ft2  sec,  331  Mils 
Recession,  Hot  Face  Up.  One  Inch  Scale. 


Figure  265.  Arc  Plasma  Test  Si02  +  68.5  w/o  W(H-22)-7R,  Surface 
Temperature  4175°F,  Exposure  Time  230  Seconds,  Stag¬ 
nation  Enthalpy  10,580  BTU/lb,  Cold  Wall  Heat  Flux  526 
BTU/ ft2  :3ec  ,  507  Mil  Recession,  Hot  Face  Down,  One 
Inch  Scale. 
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266  Post  Exposure  Phi 
6M,7M,8R,9R,  10: 


Plate  No 


1-4760 


X2.5 

Figure  267.  Arc  Plasma  Teat  SiC>2  +  60w/oW(H-23) -2M,  Surface 
Temperature  3675°F,  Exposure  Time  1830  Seconds, 
Stagnation  Pressure  1.06  Atm,  Stagnation  Enthalpy 
3380  BTU/lb,  Cold  Wall  Heat  Flux  405  BTU/it2Sec, 
Initial  Length  700  Mil,  Final  Length  683  Mil.  Hot 
Face  at  Bottom.  One  Inch  Scale.  Rear  Broke  on 
Removal  after  Test. 


Plate  No.  1-4762 


Tungsten 


Si02 


Unetched  Xl25 

Figure  268.  Arc  Plasma  Test  SiO2+60w/oW{H- 23) -2M.  Hot 
Interface. 
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Plate  No.  1-6532 
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Figure  Z69.  Arc  Plasma  Test  SiO2+60w/oW(H-23)-15M,  Surface 
Temperature  421 0°F,  Exposure  Time  1286  Seconds, 
Stagnation  Pressure  1.08  Atm,  Stagnation  Enthalpy 
5440  BTU/lb.  Cold  Wall  Heat  Flux  855  BTU/ft2sec, 
Initial  Length  686  Mil,  Final  Length  318  Mils,  Hot 
Face  at  Right.  One  Inch  Scale,  Specimen  Broke  on 
Removal  after  Test.  Viscous  Flow  Observed. 
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Figure  .270.  Arc  Plasma  Test  SiOj  +  60w/oW(H-23)- 15M,  Top 
Surface  After  Viscous  Flow. 
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Figure  271.  Arc  Plasma  Test  SiO2+60w/oW(H- 23) -8R,  Surface 
Temperature  3870°F,  Exposure  Time  325  Seconds, 
Stagnation  Pressure  0.023  Atm,  Stagnation  Enthalpy 
10860  BTU/lb,  Cold  Wall  Heat  Flux  475  BTU/ftzsec, 
Initial  Length  699  MU,  Final  Length  320  Mil.  Hot 
Face  at  Bottom.  One  Inch  Scale. 
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Figure  272.  Arc  Plasma  Test  Si02  +  60w/oW(H-23)-8R,  Hot 
Interface  Showing  Some  Si02  Reaction. 


Figure  273.  Post  Exposure  Photographs  of  Arc  Plasma  Tests  Hf-Ta-Mo(I-23)-lM,  2M,  3M, 
4M.  5M,  6M,  26M,  7R,  21M,  22M,  23M,  24M,  25M,  13M,  14M,  15M,  9R,  10R 

HR,  12R  (8R  Melted  completely). 
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Plate  No.  2-0707 


Plate  No.  2-0708 


Figure  274.  Post  Exposure  Photographs  of  Arc  Plasma  Tests  Hf-Ta-Mo 
(I-23)-27M,  30M,  31M,  32M,  37M,  38M,  41M,  42M,  53M, 
54M,  55M,  45M,  46M, 


Figure  Z75.  Post  Exposure  Photographs  of  Arc  Plasma  Tests  Hf-Ta- 
Mo(I-23)  -33R,  34R,  35R,  36R,  28R,  39R,  40R,  43R,  44R,  49R, 
51R,  29R|  47R,  43 R,  50R  and  52R. 
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Figure  276.  Arc  Plasma  Teat  Hf-Ta-Mo(I-23)-lM,  Surface 

Temperature  4030°F,  Exposure  Time  1830  Seconds, 
Stagnation  Pressure  1,08  Atm,  Stagnation  Enthalpy 
3295  BTU/lb,  Cold  Wall  Heat  Flux  530  BTU/ftzsec, 
Initial  Length  578  Mil,  Final  Length  553  Mil.  Hot 
Face  at  Bottom.  One  inch  Scale. 


Figure  277.  Arc  Plasma  Test  Hf-Ta-Mo(I-23)-lM,  Interface  Showing 
Oxide,  Subscale  and  Matrix. 
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X2.87 


Plate  No.  1-6652 


Figure  278,  Arc  Plasma  Test  Hf-Ta-Mo(I~23)-15M,  Surface 

Temperature  4645°F,  Exposure  Time  1830  Seconds, 
Stagnation  Pressure  1.06  Atm,  Stagnation  Enthalpy 
3735  BTU/lb,  Cold  Wall  Heat  Flux  515  BTU/ft2sec, 
Initial  Length  421  Mil,  Final  Length  353  Mil.  Hot 
Face  at  Bottom.  One  Inch  Scale. 


Etched  with  15  Glycerine  5HN035HCZ  3HF  X75 

Figure  279.  Arc  Plasma  Test  Hf-Ta-Ma(I«23)-  15M,  Interface 
Showing  Oxide,  Subscale,  Matrix,  Some  Melting 
of  Oxide  Has  Occurred. 
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Ai  Plate  No.  1-5007 


X2.81 

Figure  280.  Arc  Plasma  Test  Hf-Ta-Mo(I-23)-12R,  Surface 

Temperature  3755°F,  Exposure  Time  1800  Seconds, 
Stagnation  Pressure  0.018  Atm,  Stagnation  Enthalpy 
12710  BTU/lb,  Cold  Wall  Heat  Flux  378  BTU/ft2sec, 
Initial  Length  560  Mil,  Final  Length  534  Mil,  Hot 
Face  at  Bottom.  One  Inch  Scale.  Oxide  and  Subscale 
Clearly  Visible  at  Hot  Face, 


..  ■ 


tr/, 


t  < 


1 1. 


Sub  scale 


Plate  No.  1-5008A 
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Etched  with  15  Glycerine  5HN03HCI  3HF  X75 

Figure  281.  Arc  Plasma  Test  Hf-Ta-Mo(I-23) -12R,  Interface  Showing 
Oxide,  Sub  scale  and  Matrix. 


221 


Figure  Z8Z.  Arc  Plasma  Test  H£-Ta-Mo(I-23)-9R.,  Surface 

Temperature  4220°F,  Exposure  Time  1800  Seconds, 
Stagnation  Pressure  0.022  Atm,  Stagnation  Enthalpy 
11250  BTU/lb,  Cold  Wall  Heat  Flux  337  BTU/£t2sec, 
Initial  Length  432  Mil,  Final  Length  3  26  Mil,  Hot  Face 
at  Top,  One  Inch  Scale.  Oxide  and  Subscale  Clearly 
Visible  at  Hot  Face.  Some  Melting  has  Occurred. 


Eteched  with  15  Glycerine  5HN03  5HCI  3HF  X50 


Figure  283.  Arc  Plasma  Test  Hf-Ta-Mo(I-23)-9R..  Interface 

Showing  Oxide,  Subacale  and  Matrix,  Some  Melting 
of  Oxide  has  Occurred. 
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Plate  No.  1-9224 


X3.00 


Figure  285.  Arc  Plasma  Test  Hf-20Ta-2Mo(l-23)-  1MC,  Surface  Tem¬ 
perature  4?60  F,  Internal  Temperature  3530°F,  Exposure 
Time  1800  Seconds,  Stagnation  Pressure  1.05  Atm,  Stag¬ 
nation  Enthalpy  3220  BTU/lb,  Cold  Wall  Heat  Flux  425 
BlU/ft*  sec,  46  Mil  Recession,  Hot  Face  Up.  One  Inch 


Plate  No. 
2-0694 


X2.3  5 

Figure  286.  Arc  Plasma  Test  Hf-Ta-Mo(I-23) -27M.  Average  Surface 
Temperature  4230°F,  Exposure  Time  11,  600  Seconds 
{7  cyclic  exposures  each  of  approximately  1800  seconds), 
Stagnation  Pressure  1.05  atm. ,  Stagnation  Enthalpy  3300 
BTU/lb,  Cold  Wall  Heat  Flux  410  BTU/ft2sec,  138  Mils 
Recession,  Hot  Face  Up.  One  Inch  Scale. 
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Plate  No. 
2-0695 


Etched  with  15  Glycerine  X250 

5HN035HCJ 

Figure  287.  Arc  Plasma  TeBt  Hf- Ta-Mo(I-23) -27M,  Hot  Surface. 
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Plate  No. 
2-0696 


X2.35 

Figure  288.  Arc  Plasma  Test  Hf-Ta-Mo{I-23) -28R.  Average  Surface 
Temperature  4200°F,  Exposure  Time  7220  Seconds  (4 
cyclic  exposures  each  of  approximately  1800  seconds), 
Stagnation  Pressure  0. 132  Atm.  ,  Stagnation  Enthalpy  7600 
BTU/lb,  Cold  Wall  Heat  Flux  398  BTU/ft^sec,  55  Mils 
Recession,  Hot  Face  Down,  One  Inch  Scale. 
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Plate  No. 


Etched  with  15  Glycerine  X250 

5HN035HCI3HF 

Figure  289.  Arc  Plasma  Test  Hf-Ta-Mo(I-23)-28R,  Hot  Surface. 


Plate  No.  2-0699 


X2.7  5 


Figure  290.  Arc  Plasma  Test  Iif-Ta-Mo(I-23)-38MH  Surface  Temperature 
4230°F,  Exposure  Time  1800  Seconds,  Stagnation  Pressure 
1.02  Atm. ,  Stagnation  Enthalpy  3220  BTU/lb,  Cold  Wall  Heat 
Flux  435  BTU/ft^sec,  48  Mils  Recession,  Hot  Face  Up.  One 

Rralp 


Etched  with  10  Glycerine  X250 

5HN035HC13HF 


Figure  29i.  Arc  Plasma  Test  Hf-Ta.-Mo(I-23) -38MH,  Hot  Surface. 
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Plate  No. 
2-0701 


X2.80 

Figure  292.  Arc  Plasma  Test  Hf-Ta-Mo(I-23) -39R-H.  Surface  Temperature 
3620°F,  Exposure  Time  1800  Seconds,  Stagnation  Pressure 
0,137  atm. ,  Stagnation  Enthalpy  6740  BTU/lb,  Cold  Wall  Heat 
Flux  412  BTU/ft^sec,  22  Mils  Recession,  Hot  Face  Up.  One 
Inch  Scale. 


Plate  No. 
2-0702 


Etched  with  10  Glycerine  X250 

5HN035HC/3HF 

Figure  293,  Arc  Plasma  Test  Hf-Ta~Mo(I-23) -39RH,  Hot  Surface. 
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Plate  No.  2-0712 


Figure  295.  Post  Exposure  Photographs  of  Arc  Plasma  Tests  Ir/C 
(1-24) -36MOX,  37MOX,  4M,  12M,  18M,  3R,  25R,  27R  and 
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Plate  No.  1-7962 


X2.80 


Figure  296.  Arc  Plasma  Test  Ir/C(.I-24)- 1 3M,  Surface  Temperature 
4535°F,  Exposure  Time  1800  Seconds,  Stagnation 
Pressure  1.02  Atm.  Stagnation  Enthalpy  3140  BTU/lb, 
Cold  Wall  Heat  Flux  310  BTU/ft^  sec,  16  Mil  coating 
melted  off.  Hot  Face  Up.  One  inch  Scale. 
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Figure  297.  Arc  Plasma  Test  Ir/C(I- 24) -  1 3M,  Location  in  Iridium 
Coating  at  Center  of  Side  Wall. 


Etched  Electrolytically  in  20%  HC1  in  Saturated  Aqueous  Solution 
of  NaCl  X500 


Figure  298,  Arc  Plasma  Test  Ir/C(I-24)-  13M,  Location  in  Iridium  Coating 
at  Back  of  Sting  L-eg, 


Plate  No.  1-7970 


Etched  Electrolytically  in  20%  HC1  in  Saturated  Aqueous  Solution 
of  NaCl.  X500 


Figure  299.  Arc  Plasma  Test  Ir/c  (I-24J-13M,  Location  in  Iridium  Coating 
at  Back  Quarter  of  Side  Wall. 
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Figure  300. 


Figure  301 . 


Arc  Plasma  Test  Ir/C(X-24)-23M.  Surface  Temperature 
4155°F,  Exposure  Time  1800  Seconds,  Stagnation  Pres¬ 
sure  1.01  Atm.,  Stagnation  Enthalpy  2750  BTU/lb,  Cold 
Wall  Heat  Flux  288  BTU/ft2sec.  Coating  Survived  Hot 
Face  Up.  One  Inch  Scale. 


Etched  Electrolytically  in  20%  X89 

HCZ  in  a  Saturated  Solution  of 
NaCf  in  Water 


Arc  Plasma  Test  Ir/C(I-24)~23M.  Hot  Interface 
at  Top,  One  Division  Equals  0.788  Mils.  Coat¬ 
ing  Thickness  Equals  23.  6  Mils, 
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T*mp€rofur«  l*F)  T«mp»l*»«ro  t*F) 


O  •■Surfocs.in-dsplh  Tomporaturot  for  A-7-44M 
with  O-IOI"  now. 

□  ■*Su«,fac«»in-<iep4h  Tomporaturot  for  A-7-43M 
with  0.399"  aom. 


O^Surfsco.ls-dopth  Tomptruturot  for  A-7-49AS 
with  0.097  s  aos o. 

Surfs co,  in-dopth  Tomporaturot  for  4-7-474$ 
with  0.400s  noto. 


0,0  »  Surfaco,  In-dopth  Tomporotl'Ki.*  for  4-7-  *> t»it 
with  0.096“  nou. 

□  Sorfaco,  in-dopth  Tomporoturot  l  '*  A-7-50H 
with  0.399"  nou. 


O/-  Surfocojft’dopth  Tomporuturoi  for  A  T-  ^9hHS 
with  0.101“  noto. 

□,i»  Surfoco,  ln-dtr>lh  Tomporoturot  lor  A-7-3IRHS 
with  0.399s  nose, 


Figure  304.  Time-Temperature  Histories  of  Surface  and  In-Depth 
Temperatures  for  H£B2+SiC( A-7). 
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TcmprOlurc  C*F)  T.mp.rotu«  CF) 


m 


O.t'Surfacc,  in-dapth  Tcm^trotufM  fdr  A“4-27« 

»ltit  C.CSv”  noiS. 

Surfoc*.  in-daplh  Tamptroturai  for  A-6-2SR 
with  0  396*  mh. 


□,0  -  Suriaif,  in*dcpth  temp* mSmi**  /or  A-8-25M 
’  wuh  0,096"  nuir. 


|(0s  SurlA'  r,  m«dcpth  trinperature*  for  A-8-26M 
w,|h  0.  39V  noic. 


o.**  Surfoco.lii-dopth  Tcmpprolurn  for  A-8-30M 
WHO  0.398“  noM. 

O,#*3urloci, l«-4«plh  T«i»Mrotn>M  lor  A-t-SIP 
with  Q.C95“  noil. 

0,9"  Surfaci.  In-dtplh  Timptralurti  lor  A-I-3ZI* 
with  0.399  bom. 


Figure  305.  Time-Temperature  Histories  of  Surface  and  In-Depth 
Temperatures  for  ZrB2+SiG{A-8) . 
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Ttmptrotuf*  l‘F)  Timpfrolur*  IT) 


0.#BSurfoc«,  in-dtplh  HkmptroturM  for  A-IO-34M 
lH*m*iph*rlcal  Tip)  with  0102“  t. 

O,  ■  •  A-IO-35M  (H«miiph«ricol  Tip)  with  0.391*  not*. 


Oi#"Surfoct,  ift-d#p!h  Ttmptratunt  for  A-I0-36R 
with  0.102  non*. 

□  -Surface,  in-4«plh  Temperature*  for  A-IC-3TR 
with  0.393"  not#. 


Surface,  In-d#  pm  temperature*  ton 
a.«*A-IO-38M  with  0.096*  not*. 
O.t*A-l0-39M  with  0  3W  *  now. 


0, •■Surface,  in-depth  Torn ptraluret  for  A-I0-40R 
with  0.095"  note, 

□.■•Surface,  In-depth  Temperature*  for  A-I0-4IR 
with  0.399"  noit, 


Figure  306. 


Time-Temperature  Histories  of  Surface  and  In-Depth 
Temperatures  for  ZrB2+SiC+C(A-10). 
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Tomptrolurt  <*F) 


(*1  Al  Cia>(ni>t  in.lU«M  SAtMata***..***  I..  A  in  jm 

with  CU02"  now. 

O  ■  ■Sgrtoco.  in-doptti  lomporoturrt  for  A-IO-43M 
■ilh  0.399*  noil . 


O,#-  Suftocl,  In-l'pir,  Tomporotu.oi  lot  A-I0-44RS 
with  0.094  not*. 


O.S'S'jffOf?,  irt-fiepih 

with  0.399"  now. 


7aiTijiituiuf«B 


for  A-K>-45«» 


0(#«Surfo<f,.n-d*pth  Ttmptraturn  lor  A-tO-47flHS 
with  0103"  not*. 

□,B»  Surface,  in-d*plh  Temperatur**  for  A-I0-49«H$ 
with  0.392" not*. 


0,#“  Surf  act,  irt-Oiplh  TmHnhrn  lor  A-I0-4PAH 
■Ilk  O  IOS  nooo. 

OB' Surf oco.ln-Oopfk  Tomporoturoo  lor  AK>-4»AH 
with  0.404  not*. 


Figure  307.  Time-Temperature  Histories  of  Surface  and  In-Depth 
Temperatures  for  ZrB2+SiC+C(A-10). 
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□,0*  Surface,  in-depth  temperatures  for 
B-5-31  M  with  0.202"  nose. 

Surface,  in-  depth  temperatures  for 
B-5-32  M  with  0.463"  nose. 
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□  40  =  Surface,  in-depth  temperature*  for  G-16-17M 
with  0. 102"  noae. 

*.  Surface,  In-depth  temperature*  for  O-  1  B-  IBM 
with  0.200"  no**. 


O,e-Surfoc«,  Tamparotur*.  far  u-it-ftM 

■MU  OOM  noi. 

H,eiSarfact,ln-<la,lh  T.mp.ratur.l  far  GHA-20M 
•Hlh  0.100  not*. 


Figure  309.  Time -Temperature  Histories  of  Surface  and  In-Depth 
Temperatures  for  WSi2/W(G-18) , 
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Temparotura 


O, •“Surf  oca.  in-depth  Tempera!  urea  for  1-23-IMC 
with  0.097  note. 


□.■■Surface,  in-depth  Temperature*  far  1*23- SMC 
wiiti  0.093"  iiaua. 


0,th  Surface,  in-depth  Temperature*  for  1-23-3MC 
with  0.100"  note. 

an-  Surface,  in-depth  Temperature*  for  X-23-4MC 
with  0.099"  note. 


Figure  310.  Time-Temperature  Histories  of  Surface  and  In-Depth 
Temperatures  for  Hf-Ta-Mo(I-23). 
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Ttmptroturt  (*F) 


Qj®»  Surface.  in-dcofh  TtmeeroturM  far  I-2S-53MH 
with  O-IOO'  n«M. 

0,  ■•Surface,  in -dcpfh  Ttmptroturae  far  I-23-38KJH 
with  0  398"  ami. 


0,#»Suffaet,  in-deplh  T«mptroluf*l  for  1-23-39RH 
■  un  u.iuu  not*. 

□  .■•Sufloct.lft-dtplh  Tempt  roturtt  for  1-23- 40RH 
»i»h  0.410“  nou. 


0^>Swrfo«t,lft‘depfh  Temperature*  for  I-23-43R 
with  0.109“  not*. 

O,#*  Swrfoce,in-dtp*h  Temperatures  for  1- 23-34 M 
with  0.106“  note. 

□.■■Surface, tn-deptfc  Temperature*  far  1-23-55* 
with  0  400“  noie. 


Figure  311.  Time-Temperature  Histories  of  Surface  and  In-Depth 
Temperatures  for  Hf-Ta-Mo(I-23). 
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O^Surfocc.tn'df^th  Tamporoturot  for  1-2S-45M 
with  0.099”  no»*. 

□.■•Su'faca,  in-d#ptt\  Tomporoturo*  ?er-I-23-44M 
with  Q.WJf  noti. 


0,®»Sur1<jc*iin-daplh  TomptrofufOt  for  1-23-49R 
with  0.203"  «o«o. 

O,«iSurfae0,H\-d0pth  Tomparoturoi  for  X-23-3IR 
with  Q)9lunota. 


0,#«5urfat»,  lh-d*pth  Tomptroturot  for  I-23-47RS 
with  0  102*  noti. 

Surfaco,  ln-<J#pth  Tomptrolurt*  for  1-23-46RS 
with  0,400* ooM 


Ot#*SurfQc«, lr»-doplh  TtmporoturOt  for  l*  23*30 AHS 
with  0.104"  nosa. 

Surfaco,  In-dtpth  Ttmporaturot  for  I-23-52NHS 
With  0,39®**  no»*. 


Figure  312.  Time-Temperature  Histories  of  Surface  and  In-Depth 
Temperatures  for  Hf-Ta-Mo(I-23). 
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Plate 


sure  Photographs  of  10  MW  Arc  Exposures  HfB?  ,+  20%SiC(A 


II II  II II  I  I  I  I  I  I  II  I  H  II  I  |  M  M  I  I  t  I  t  |  W  M  t  U  \  \\ 

/  2  3  4 

inches 

Boride  Z  (A-5) 


JZT-&387  fff  -  Z3 

1  1  I  l  I  |  I  I  I  I  I  U  I  I  j  I  I  I  I  I  H  I  ' 

2  3 

inch** 

ZrB2  +  20%  SiC(A-8) 


Figure  317.  Post  Exposure  Photographs  of  10MW  Arc  Exposures  ZrB?(A-3) 
and  (ManLaEs-Avco) ,  Boride  Z(A-5)  and  ZrB?  +  20%SiC(A-8). 


X3.4 


Plate  No. 


1-7173 


Figure  318.  10  MW  Arc  Test  HfB,  .  (A-2)-HF-2,  Surface  Temperature 

3305°F,  Exposure  Tune  20. 1  Seconds,  Stagnation  Pressure 
4.3  Atm,  Stagnation  Enthalpy  1930  BTU/lb,  Cold  Wall  Heat 
Flux  695  BTU/ft2sec.  Hot  Face  at  Top.  One  Inch  Scale.  Fine 
Cracks  Observed. 


Figure  319.  10  MW  Arc  Test  HfB,  .  (A-6)-HF-21 ,  Surface  Temperature 
3470°F,  Exposure  TuAe  20. 1  Seconds,  Stagnation  Pressure 
4.3  Atm,  Stagnation  Enthalpy  2030  BTU/lb,  Cold  Wall  Heat 
Flux  733  BTU/ft^sec,  Hot  Face  at  Bottom.  One  Inch  Scale. 
Large  Cracks  Observed. 


2S5 


Plate  No.  1-7212 


X2.87 


Figure  320.  10MW  Arc  Test  HfB,  , +20%SiC(A-4)-HF-37,  Surface 
Temperature  4790°F,‘  Exposure  Time  20.2  Seconds, 
Stagnation  Pressure  4.3  Atm,  Stagnation  Enthalpy 
2540  BTU/lb,  Cold  Wall  Heat  Flux  940  BTU/frsec. 
Hot  Face  at  Top,  One  Inch  Scale, 


X3.4 


Plate  No.  1-7192 


Figure  321.  10MW  Arc  Test  HfB,  , +20%SiC(A-7)-HF-32,  Surface 
Temperature  461Q°f7  Exposure  Time  20, 1  Seconds, 
Stagnation  Pressure  4.3  Atm,  Stagnation  Enthalpy 
2710  BTU/lb,  Cold  Wall  Heat  Flux  948  BTU/ft^sec. 
Hot  Face  at  Right,  One  Inch  Scale. 
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ion 


Plate  No.  1-7202 


X2.87 

Figure  322.  10  MW  Arc  Test  HfB2  +20%SiC{A-7)-HF-18.  Surface 
Temperature  3500°F,  Exposure  Time  20.1  Seconds, 

4*  3  Atm*  Stagnation  Enthalpy 
2200  BTU/lb,  Cold  Wall  Heat  Flux  787  BTU/ftZscc. 

Hot  Face  at  Top.  One  Inch  Scale.  Fine  Cracks  Observed. 


Plate  No.  1-7177 


Figure  323, 


X3.4 


10MW  Arc  Test  ZrB,  (ManLabs-Avco)-HF-17,  Surface 
Temperature  34250Ei  Exposure  Time  20.  1  Seconds, 

fnaig^ti0nMrj’re88ure  4<3  Atm*  Stagnation  Enthalpy 
1964  BTU/lb,  Cold  Wall  Heat  Flux  714  BTU/ft2sec. 

Hot  Face  at  Bottom.  One  Inch  Scale.  Fine  Cracks  Observed. 


2-0736 


2-0740 


326.  Post-exposure  Photographs  of  KT-SiC(E- 14)  and  Hf-Ta-Mo(I-23) 

Supersonic  Pipe  Test  Samples  Run  in  Avco  10- Megawatt  Arc  Facility. 


Specimen 


One  Half  Inch  Diameter  Specimens 


One  Inch  Diameter  Specimens 


Figure  327.  Details  of  Specimen  Holders  Employed  in  Wave  Superheater  Tests. 
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(  b)  Pilot's  View  (Looking  Upstnom) 

Figure  328.  Orientation  of  Calorimeter  and  Medels  in  Wave  Superheater  Exposures 


400 

300 

200 


Mach  No#  =  5.45,  P  =0.97  atm 
e 

ie  =  2120  BTU/lb,  €  =  0.  55 

Cp  =  0.  2  BTU/lb  °R,  k  =  0.  006  BTU/ft  sec°R 

p  =  350  lbs/ft3  . 


o  40 
«  30 


i  io.o 


0 

1000  2000  3000  4000  5000  | 

Wall  Temperature  °R 

i 

Figure  329. 

Calculated  Heat  Flux  As  A  Function  of  Wall  Temperature  for 

A  One-Half  Inch  Diameter  Hemispherical  Cap  Shell  of  Zirconium 

Diboride  One -Eighth  Inch  Thick  in  the  Mach  6  Test  Section  of  the 

Cornell  Wave  Superheater. 
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XAarh  Na  —  ^  4^  P  r  H  Q7  afrm  f\  ~  ^Rft  IKo  /ft 

"  '  "  '  e  . .  '  n 

i  =  2120  BTU/lb,  e  =  0.  55,  C  =  0.  2  BTU/lb  °R,  k  =  0.  006 
e  P  BTU/ft2sec 


15  Seconds  Maxim um  Exposure 


l"  Diameter  __ 

q  .460  BTU  ft2sec 


1/2"  Diameter  - 
qCwB650  BTU.ft^sec 


£  100 


Wall  Temperature  R 

Figure  330.  Calculated  Wall  Temperature  As  A  Function  of  Time  for  A  One 
Inch  and  a  One-Half  Inch  Diameter  Hemispherical  Cap  Shell 
of  Zirconium  Diboride  One-Eighth  InchThickin  the  Mach  6  Test 
Section  of  the  Cornell  Wave  Superheater. 


Figure  332.  Comparison  o£  Observed  Time-Temperature  Histories  with  Computed  Values  for 
One  Inch  Diameter  Hemispherical  Cap  Models. 


Plate  1-4483 


Stmji  Number 


Material 


m  >.  h*  - 


A  -  i  ~w 

2  KT-SiC(E-14)-l  -8 

3  KT-SiC(E-14)-3T.18 

4  Hf-iU'X'a-^Mo(I-23)-4-19 

5  W(Uncoated)(G~18)-X-ll 

6  RVA(B-5)  -X-5 

7  JTA(D-13)-X-7 

8  JT0992(F-15)-X-9 

Denotes  one  inch  diameter  cap.  All  other 
models  are  one  half  inch  diameter. 


Figure  334.  CAL  Run  67-473,  Mach  Number  5, 45,  Stagnation  Pressure 
1.15  atm,  Stagnation  Enthalpy  2200  BTU/lb,  Cold  Wall  Heat 
Flux  580  BTU/ft2soc,  Exposure  Time  15  Seconds. 


Plate  1-4884 


Number 


Material 


1 

2 

3 

4 

5 

6 

7 

8 


Hf-20Ta-2Mo(l-23)«l-12 

Ht'B2  I  (A-2J-X-1 

HfB2^SiC(A-4)-X-4 

PG(B-6)-X-6 

BPC(B-7)-X-16 

JT0981(F-16)-X-10 


4t 

Denotes  one  inch  diameter  cap.  All  other 
models  are  one  half  inch  diameter. 


4  OOU#aJ»T«S^^ 


I  1 1 


1 1 1 1 1 1 1 1 1 1 1 1  I 


4  5 


Figure  335.  CAL  Run  67-474,  Mach  Number  5.45,  Stagnation  Pressure 
1.15  atm,  Stagnation  Enthalpy  2180  BTU/lb,  Cold  Wall  Heat 
Fliix  635  BTU/ft2sec,  Exposure  Time  15  Seconds. 
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Plate  No.  1-4691 
a)  One  Inch  Scale 


Plate  No.  1-4692 
b)  X250,  Etched  with 
10  Glycerine  5HNO1 
3HF.  Hot  Interface 
at  Top. 


Figure  336.  Model  ZrB2(A-3}- 1-2,  Run#l,  Sting  #1. 
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Plate  No.  1-7767 

b)  1.97  Mils  per  Small 
Division,  Etched 
Electrolytically  in  5% 
KOH,  Hot  Face  at  Top 


Figure  337.  Model  KT-SlC(E-14)-l-8,  Run#l,  Sting  #2. 
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Plate  No,  1-7768 

b)  1.97  Mila  per  Small 
Division,  Etched 
Electrolytlcally  in  5% 
KOH.  Hot  Face  at  Top 


Figure  338  .  Model  KT-SiC{E- 14) -3-18,  Run  #1,  Sting  #3. 


Plate  No.  1-4719 
a)  One  Inch  Scale 


Plate  No.  1-7766 

b)  1.97  Mils  per  Small 
Division,  Etched  with 
15  Glycerine  SHNOo 
5HCZ  3HF,  Hot  Face  at 
Top 


Figure  339.  Model  Hf-20Ta-2Mo(I-23)-4-19,  Run#  1 ,  Sting  #4. 


Plate  No.  1-4716 
a)  One  Inch  Scale 


Plate  No.  1-5335 
b)  X200,  Etched  with 
Murakami's  Reagent 
Hot  Interface  at  Top 


Figure  340.  Model  W(Uncoated)  (G- 1 8)-X-  1 1 ,  Run  #  l ,  Sting  #5. 


Plate  No.  1-4698 
a)  One  Inch  Scale 


Plate  No.  1-4706 
c)  X250,  Unetched. 

Hot  Interface  at  Top 


Figure  341.  a)  Model  RVA(B-5)-X- 5,  Run#l,  Sting  #6. 

b  h  c)  Model  JTA(D-13)-X-7,  Run  #1,  Sting  #7. 
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Plate  No.  1-4718 
a)  One  Inch  Scale 


Plate  No.  1-7765 

b)  1.97  Mils  per  Small 
Division,  Etched  with 
15  Glycerine  5HNO, 
5HCZ  3HF.  Hot  Face 
at  top. 


Plate  No.  1-7763 

c)  X500,  Etched,  Interface 
of  Suboxide  (Top)  and 
Matrix. 


Figure  342.  Model  Hf-20Ta-2Mo(I-23) -1 -12,  Run  #2,  Sting  #1. 
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1 


A 


Plate  No.  1-4688 
a)  One  Inch  Scale 


Plate  No.  1-4689 
b)  X250,  Etched  with 
10  Glycerine  SHNOj 
3HF.  Hot  Interface 
at  Top 


Figure  343.  Model  HfB2  ^{A-2)-X-l,  Run  #2,  Sting  #2. 
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Plate  No.  1-4694 
a)  One  Inch  Scale 


» 


WKi-:  V' 


^  -  $v‘: 

S-«P  &.>vf  l/’m-;' 

■ft r:-f  ,  , 


•V-Xr 


Plate  NO.  1-4695 
b)  X250,  Etched  with 
10  Glycerine  5HNO, 
3HF.  Hot  Interface'5 
at  Top 


Figure  344.  Model  Hfl^  +  SiC(A-4)-X-4,  Run  #2,  Sting  #3. 
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Plate  No.  1-4701 
a)  One  Inch  Scale 


Plate  No.  1-4703 
b)  One  In  ch  Scale 


Figure  345.  a)  Model  PG(B-6)-X-6,  Run  #2,  Sting  #4. 

b)  Model  BPG(B-7)-X- 16,  Run  #2,  Sting  #5. 
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Plate  No.  1-471? 
a)  One  Inch  Scale 


Plate  No.  1-5341 
b)  X250,  Unetched. 

Hot  Interface  at  Top. 


Figure  347.  Model  Sn-Al/Ta-W(G- i9)-3-Z2,  Run  #2,  Sting  #8. 
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TABLE  2 


o  tu  ivx  mx-a rv  i  w  x  xkrv. v_-  r  ijr^u ivi/i  -tuxa  ru^u  rviuij  v_/r  mu 


2.  1 


U>UlU. 
lamyla  Ha, 
AaawnaO 
Emittnaaa 

41  V  j\th 


Uuk  r. 
Ha,  atm 


l«  D  %«  J 
»TV  ia  »TU  J* 
Ik  «*M€  «*• 


V 

•urfaca 

RnCUtU* 

ITU 


.|  M 

0.  )t 

1.24 

>170  0,200 

120  4410 

1) 

-2M 

0.14 

1.21 

1020  O.ftOO 

1)0  244) 

120 

>)M 

0.12 

1.24 

412)  2.222 

1244  4440 

>!) 

.CM 

2.12 

1.04 

ft)  70  0.202 

142  4201 

119 

•114 

0.11 

1.04 

41)1  0.202 

420  4400 

94 

111  mil  41  a k  tbarmel  akeebed  off  initlall 

'1 

•4M 

0.  )4 

1. 10 

UM  0.200 

410  1146 

Uf 

144  mil  4lak  tbarmel  shocked  aff  inliialiy 

•  12* 

2. 1 

0,014 

4410  0.200 

441  0000 

111 

.IK* 

I.  k 

0.1)2 

1240  0.200 

111  •••* 

... 

tkarmal  ahnek  fatUra 

.41* 

1.1 

0,1)0 

70)0  0.444 

111  4440 

244 

.102* 

1,1 

0,1)2 

1240  0.100 

121  0010 

24) 

•  112* 

1,2 

0.041  tom  o.ftoo 

4)1  0446 

>24 

•  112* 

l.l 

0,041 

90110  O.ftOO 

01)  0140 

141 

•  |)M*  1 

0.10 

1.0) 

114)  0.100 

44)  4440 

14 

•  1 JM-1 

0.10 

1,0) 

114)  O.ftOO 

44)  4410 

01 

•ISM*) 

0.)0 

1.0) 

114)  O.ftOO 

44)  4411 

124 

•I4M*1 

0.  )0 

1.0) 

)|10  0,100 

110  2120 

101 

•  I4M*2 

0,10 

1.0) 

)$70  O.ftOO 

ftiO  2)10 

1)0 

•  MM* ) 

0,10 

1.02 

1410  O.ftOO 

110  ftftOO 

14) 

•  DM*  1 

0,21 

1.0) 

ID)  O.ftOO 

lift  1)90 

41 

•  lftM*l 

0.11 

1.0) 

III)  O.ftOO 

)4ft  DO 

ftl 

•*  1ft  Mg) 

0,11 

1.0) 

lilt  0.100 

HI  24)2 

ftl 

•  I4M. 

0.11 

1.0) 

4430  0.101 

lift  lift) 

191 

•  11M  * 

0.  )2 

1.01 

4»«0  9.001 

lift  4100 

4)1 

•  14MA* 

o.n 

1.01 

4440  9.204 

441  440) 

41) 

*10)41 

o.n 

1,01 

4440  0.004 

440  049) 

ID 

Vnilkuri  It  nttuiMt  tl  lt»C*C. 

*TrimmUll»ll»  fuur  wittli  0, •*  tor  »!«*»• 


•H 


Himul 

P»UU*M 


0.)4 
0,44 
0,  }7 

0.2s 

0,11 


o.n 

0.11 


0.44 
0, 41 
0.44 
O.lk 
0.)) 
0.14 
0.41 

o.n 

o.n 

0.41 

0.40 

0.44 

Sl5*. 

0,44 

0.44 

fi.kl 


Initial 

LoflO 

StfnSii 

(mUn> 


riaai 

Laafltk* 

4!<nuu 

(milt) 


Rmmimi 

Tima 

Tisnuir 


C«k«Ut«4  TmMnUr* 
Rail*  T(CALC)  /T((NU) 
CaM  WiU  ray  iU  R144*U 
HmI  Tr*n«f*»  Hwl  Trauiir 

Cat Ifklaat  CwWktiK 


444/424  441/401  l  *00 

4)0/424  41)/ 414  11)0 

240/442  —/111  II 

•40/44  1  441/214  H)0 

411/14)  •«•/ 144  111 

III  mU  tktimal  aknckaO  nff 

•14/441  .../Ml  IDO 

141  mU  lift*  thermal  ibthtl  9*1  UIUrU* 

421/411  414/144  I2f  “ 

401/44)  » .  •  /  440 

thermal  ikocli  tatlura 
1)1/411 
1)4/114 
441/144 
lll/lll 


mriml 

401/141 

401/142 

440/401 

4)4/144 

IOk/401 

if: 

M./M4 

if: 

K./.M 

:j: 

hi/wi 

tt./iii 

M./M* 


t 

«?/«» 

I /I 

.ll/IM 
10  v  101 

140/4)1 

u«/m 

Ml/iok 


14 


40 

40 


k« 


400 

18 


40 

10 

11)0 


MS 

1.01 

1.00 

1.01 

0.44 

1.04 

1.24 


1,02 

1.04 

1.11 

1.21 

1.11 
1.11 
1.04 
I.  II 
1.01 
1.0) 
1.42 
1.41 
1.12 
1.0) 
0.41 
0.42 
1.02 


1.14 

1.12 

1.04 

1.10 

1.0) 

1.1ft 

1.20 


1.1) 

1.11 

t.ll 

1.21 

1.04 

1.04 

0.42 

1.21 

1.01 

1.00 

1.41 

l.lft 

).« 

2.04 

0.14 

0.M 

1.04 


*  final  Ui|4fc  n(iN  ft*  imtitiroMM  al»*r  mpioii*,  thtehasaa  r«0 
la  iMtiitriiniM  afiar  aacllaaiag. 


Malar  Ml 

Jf 

*}raaa 

Mata  rial 

Dagraiaiiaa 

rrr - 1 

Ran  a  ilia* 

•amnia  Ha, 

*f 

2«isasli* 

2ac«aalan 

Ma4a 

Tim# 

Rata* 

^i(la 

laili 

itmar 

"Hf 

Mrti.jjA.ll 

41)0 

•J 

II 

On  14a  nan 

1000 

11 

•  1M 

4121 

.4) 

14 

Oalkatiaa 

12)0 

24 

•  )M 

4120 

... 

III 

Malting 

21 

0141 

*4M 

Ml) 

21) 

111 

Onlkallan 

12)0 

1*4 

*IM 

2440 

... 

(224) 

Tk,  Mkaaha  Maltiag  111 

1141 

*224 

2)20 

•  •• 

|ll2| 

Tb.MwkaCMIi, 

12)0 

111 

.12 

4240 

*4 

1) 

OnU^llua 

1200 

11 

*12 

••• 

Th.lkaah 

14 

.... 

*42 

12)2 

110 

141 

Malting 

40 

4210 

*102 

4410 

142 

M4 

Mailing 

40 

IIUO 

*112 

)II0 

•  12 

)4 

On  Malian 

1200 

19 

.112 

4101 

.21 

II 

Oh  14*  11  on 

1200 

II 

•  l)M*  l 

4100 

OniOatian 

400 

*  1  )M*I 

4112 

OniOatian 

400 

•DM*) 

0011 

•  4 

10 

OkMatimt 

400 

20 

•  I4M*I 

4440 

Okkiica 

400 

•14M-2 

4920 

OniOaUan 

409 

-I4M-) 

1040 

•  )! 

10 

OrtOatian 

406 

20 

•IftM-l 

29)0 

OrtOatlan 

400 

•l)M»l 

>090 

Ou4*tioa 

400 

•  DM*) 

111) 

•  1 

4 

OwOation 

400 

4 

•  I4M 

0400 

•14 

01 

OrtOitian 

1100 

01 

•ITM 

4240 

190 

149 

Malting 

40 

)S20 

■  I2MA 

4221 

... 

... 

Malting 

10 

*IIM2 

11)0 

224 

104 

OrtOsUtM 

11)0 

104 

Ptac  flat  l  an  tl  Malls*  PUtuis  film  Owww 


Htilft  MiWUy,  uni  farm  aaUMltaa,  track  farms*  la  a*i4#  anailng 
Irwil  taca  skawaO  aaM  anra,  ta4  talk*  rlmtitiakriUiiiailkM 
wUnm  mailing  uakart ultiag  nl  slkaa 
•unburst  fsiynatina,  «al4a  malting 

m Mall**. tksrmsl  aback  *1  2ltb  faMawatl  by  uaUarm  malting 

Initial  anlOntian  foUawal  by  karma l  a 4*4  4 

•|M«IiU4  aurlaat  an  bailing,  Util*  activity 

i* arm* I  aka* I  failure 

malting  /***  tartar  la  i4|ai 

rapid  melting  a  at  vaaeealan 

s»Me  m#llka«.  uaUarm  aal4aiiaa 

aalta  malting,  uniform  anlOntian 

Speckle*  Irani  face,  venter  eppaare*  hollar  tk*n  *4g*a, 

Initial  oHila  breaking  all  la  spats,  canter  c«ra  still  apparent. 
Canter  cera.  aatla  Sr  at  king  elf  eCgee,  asma  mailing  ol  onMa, 
Ipackiek  frant  laca.  center  car*  kattar  titan  aktt. 

Initial  anile  b ranking  off  Irani  (sea, 

lUflti  malting  of  anile  layer  which  appeared  (a  ha  barely 

hanging  ania  front  laca. 

Ltttia  activity,  bolter  cantar  eora. 

Uttia  activity,  uniform  appear anc «, 

Ltti la  activity. 

Pra*cMi4o  flaking  off  al4oa,  alga  malting,  a  unbuilt 
far  mat  ion, 

Onitfa  mailed,  burned  off,  malarial  malted. 

Onid#  mokiitf,  burned  oU,  malarial  malted,  solidified 
In  aunbural. 


hacaitUa  rata  a  converted  to  10  minutes  on  Unoar  basts. 
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TABLE  3 

SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  ZrB2(A-3) 


v 

_  ,  .  turUca 

Mack  rt  'a  0  *cw  T  lUaUHaa 
Ha,  akn  ITU  (tot  »TU  »  »TU 
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0.11 

1.  IT 
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0.4V1 
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0.12 

-4M 
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0.40 
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0.41 
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0.4V1 

•40 

4014 
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4TI 

4AT4 

170 

.... 

•»iu*i 

k.M 

t.01 

nki 

0.414 
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01 
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0.4VI 
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4170 

1M 
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-4MC 

».M 

LOT 

4H4 
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4140 
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«.») 
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*Bur(a«t  radiation  VftlMt  may  Nlwtal*  roauIrdmatiU  tar  «»UUal 
tligBmtM  caurod  by  wHUnalUn  ol  o*a»half  lack  dlamator  aampla, 
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41,/ 101 
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1100 

4M/164 

.../  6 

44 
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1.04 

1.14 
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1.22 

1.01 
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1.1) 

l.tl 

L  19 

1.30 
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1.17 
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1.0V 

LOft 
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1.0V 
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LOO 
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O.fV 

0.V4 

O.fl 
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O.fV 
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O.fV 
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1.04 

LOO 

1.0V 

L  11 

1.0) 

1.01 

1.0) 

o.vv 

O.f) 

o.vo 

*  rinal  Langlh  la  band  on  moaauramanl  prior  lo  «avtlonl«|,  thlcknaar 
ratara  to  longth  aim  atcllonlng, 
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T 
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Malarial 
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Cnpoaura 

.Tima 
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limpid  Mo, 

«!I 

Rocdoolon 
-non — 
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"W" 

_ — 
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I  iv  rmaj 

lrl| CA-n 
*)M 

144ft 

111 

1 

110 

Malting 

Onidalioa 

•4 

7041 

•  4M 

440ft 

14 

1140 

19 

-ITM 

1710 

•  II 

1 

Onidnllna 

1440 

1 

>1094 

4174 

101 

104 

Malting 

Ouldatlon 

fO 

40ft0 

•  2414 

4011 

•If 

If 

1140 

II 

•DM 

4011 

•7 

1 

Onldallon 

1440 

ft 

>I0R 

4)74 

•  11 

II 

Oaldailon 

tool 

M 

4440 

10 

40 
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1100 

44 

.42 

4440 

1? 

Ontdotloo 

1400 

17 

•HK 
•  HR 

,‘U? 

170 

141 

114 

1)4 

On  id.  4  Malting 
Malting 

1444 

41 

144 

11429 

>I4R 

4120 

490 

400 

Malting 

f0 

0411 

•  40M 

4110 

1 

1 

Orddatian 

(400 

1 

•  41M 

4419 

•If 

10 

Otddatlaa 

MOO 

10 

•  9BM*  1 

4410 

Orddatian 

400 

-92M.1 

4414 

Obtain 

400 

-BIM.) 

4040 

44 

OMdntian 

400 

44 

•  l)M- 1 

4021 

Cbddatian 

400 

•  DM-1 

4140 

Otddnlian 

490 

•  DM- 1 

1101 

•41 

Tf 

Orddnitan 

400 

TV 

-44M-I 

If  10 

OM  da  ti  an 

400 

•  MMX 

4091 

Oaldallan 

400 

-DM) 

4100 

-If 

f 

Oaddaiion 

490 

V 

-  IMG 

44  V0 

1) 

Onldatlaa 

1100 

1) 

•  IMG 

4470 

14 

Otddatlaa 

MOO 

14 

•  IMC 

4710 

•If 

SI 

Old  da  lira 

MOO 

11 

•  4  MC 

4000 

... 

104 

Making 

44 

IITO 

Doacrlplluit  ol  Motion  Picture  Pllm  Cawrt|» 


borlda  malting  ,  . 

a  olid  nalda.  litllo  activity,  low  liquid  drops,  aunburat 

borkdo  malita| 

•Mlda  malting,  aunburH  formation 
Baida  aoltd.  Utllo  activity  notad 
uniform  VMidatian 

uniform  aaldntlan,  ioma  liquid  bubblaa 
uniform  oaldailon,  Unit  activity 
Initial  onldatlon  tallowod  by  uniform  malting 
uniform  molting ,  rapid  racaaaton 
uniform  moiling,  racoaolan 

Hot  oidda  iMi  do vo i* pm J  in  cantor,  than  root  ol  front  faeo 

living  moMlodappaaranca. 

litllo  activity,  moltlad  appoaranca  of  onida. 

Alight  rMlUag  at  odgaa,  haavy  oaida  llabad  oil  front  Idea. 

Initial  oRido  broka  away,  now  ant  da  lor  marl  and  broka  away, 
odgao  malting, 

Aunburat  formad,  alight  malting,  no  lurlkar  flaking. 

Malting,  aunburat  larmaiiw, 

Initio l  oaido  broka  away,  malting  and  aunburat  formation  lolluwad. 
Ovid#  brotto  off  agaia.  malting  and  auaburat  formation  tallowod 
aa  batata, 

Aunburat  formation,  antda  mo  lung, 

Util#  nativity, 

No  film  covdraoa, 

Apocktod  front  bat,  iom<  onida  molting. 

CWdo  cbipping  and  molting  »fl  front  faeo  giving  molt  lad 

SET  aUplilng  and  malting,  uniform  oitldo  buildup  with 

■omo  molting  at  odgaa. 

Rapid  malting. 


*Maaoaalon  rata  caovaatad  to  10  mloutau  on  llnaar  baaia, 
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TABLE  4 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  HfB2  +  SiC(A-4) 


Material 
Sempla  No. 

Aieumed  p 

Eminence  Mach  re 
at  X  ■  0. 69n  No.  atm 


D  ’cw  T 
BTU  (In)  BTU  2? 
lb  fTaa c  ctba 


"r  *N 

Surface  Computed 
Radiation  Normal 
BTU  Em  Hum# 
ftZaec 


Initial  Einal 

Length  Length* 

thicker  ••  tSIcBSSaa 

<mlla)  (mile} 


Expo aura 

Tim* 

taaconda) 


Calculated  Temperature 
Ratio  T(CALG)/T|OM) 

Cold  Wall  ray  and  Riddail 
Haat  Tranalar  Haat  Transfer 
Coefficient  CoafUciant 


HfB>  ♦  SIC  (A-4) 
i  -0.60 


•  1M 

0.  IS 

1.09 

3913 

0.303 

370 

3910 

31 

0,47 

“2M 

0,36 

1.08 

4103 

0,303 

670 

3430 

201 

0,49 

0.31 

1.09 

6310 

0.303 

930 

6030 

260 

0,40 

-4M 

0.  36 

1.08 

3410 

0,303 

900 

3420 

201 

0,43 

-2.1  M 

0,42 

1.11 

6243 

0,47? 

9S6 

6403 

390 

0.49 

-2.2X4 

0.31 

1.08 

3433 

0,417 

310 

3630 

34 

0,71 

-2-JM 

0,  15 

1.08 

3)63 

0,474 

600 

3230 

192 

0.54 

-2-4M 

0.3a 

1.09 

3363 

0,477 

913 

3630 

33) 

0,69 

-2-4M 

a.  si 

1.  09 

6>13 

0,477 

1003 

6370 

434 

0.56 

-2-6R* 

3.2 

0,02) 

11400 

0.471 

306 

3630 

271 

0.36 

-2.711* 

3.2 

0,026 

17040 

0,473 

610 

37  60 

333 

0,48 

-2-8R* 

3.2 

0.027 

1)340 

0,471 

700 

3940 

404 

0.70 

-2-9R* 

1.2 

0.023 

1920 

0,473 

402 

3140 

211 

0.64 

-2-1  DR* 

3,2 

0.022 

7360 

0,401 

314 

3340 

39 

0,10 

946/444 

961/640 

1430 

1.44 

1.38 

999/675 

914/64) 

14)0 

i.10 

1.04 

949/674 

610/277 

1)9 

1.09 

1.06 

999/644 

307/173 

1608 

1.14 

1.07 

1104/776 

444/303 

1100 

1,0) 

1.00 

1107/740 

1111/757 

1130 

1.48 

1.41 

1109/77* 

944/639 

1830 

1.14 

1.13 

1112/747 

947/600 

19)0 

1.14 

1.09 

1103/770 

934/211 

120 

1.03 

1.00 

1102/740 

1117/767 

1800 

1  .  10 

0.98 

1109/791 

1 1  li/767 

1100 

1.16 

1.09 

1103/741 

1 087/738 

U00 

1.13 

0.  99 

1103/745 

1113/742 

1400 

1.14 

1.01 

1099/771 

1  100  /  7  70 

1400 

1.33 

1.91 

+Tr»n«mli»lvliy  factor  equal*  0,86  for  aipphire  window, 


^rinal  length  la  ban  ad  on  maaauramant  prior  to  aactlonlui  thlchrvea* 
rafara  to  langth  after  •*« tinning , 


Material 

T 

Oroia 

Material 

.Sample  No, 

-21 

Raccnion 

mil* 

Racaaaion 

mill 

HfBj  4  SIC  (A-4) 

-1M 

3430 

-2 

6 

-2M 

3020 

13 

32 

-1M 

3620 

389 

197 

-4M 

1160 

439 

469 

-2.1  M 

3949 

260 

*71 

-2-2M 

mo 

-4 

1 

-2-3M 

4790 

1 68 

133 

-2.4M 

3190 

163 

18? 

-2-4M 

3110 

569 

339 

-2-6R 

3190 

-13 

13 

-2.7K 

3)00 

-7 

24 

•2.8K 

3480 

16 

43 

•  2-9R 

4680 

>8 

23 

*2-1  OR 

3080 

•  1 

3 

Degradation 

Mode 

Expoeur* 

Tima 

•eednda 

Race  anion 
Rita* 

mm  i  mile 

"mT 'iTWIA 

Oxidation 

1830 

■■•e/6 

Oxidation 

1810 

— -/31 

Malting 

139 

— ../5141 

Ottitl  4  Malt 

1608 

•—/52ft 

Oxidation 

1100 

*— /444 

Oxidation 

1130 

»../! 

Ox  Ida  lion 

18)0 

—•/Ill 

Oxidation 

1810 

— / 184 

Malting 

120 

— — /8)89 

Oxidation 

1800 

■•••/II 

Oxidation 

1800 

—  /24 

Oxidalion 

1800 

•  — /43 

Oxidation 

1800 

•— /« 

Oxidation 

UOO 

■■■•/I 

Peacr Iptlon  of  Motion  Picture  film  Cwetare 


■  urfaca  activity)  liquid  bubble*  at  adg  at 

liquid  oaida  formation 

liquid  oaida,  cempoalta  malting 

liquid  oaida,  aunbu rat  formation,  malting,  anna 

flaking  off  of  oaida 

Initial  oaida  malting!  aroaion  at  artgla  to  taca,  aolid 
oaida  format! 

initial  oaida  malting)  aroaion  at  angta  to  faea,  aoiid 
oaida  formed 

haat  ad  from  top  toward*  bottom,  liquid  oaida.  aroaion 

at  angle,  aunburat  formation 

rapid  oaida  malting!  receaaion  at  angla.  aunburat 

formation 


'Kn.uisn  r.t.  sunvtrl.d  to  ,0  mlitut.a  on  Um.r  U.I., 


TABLE  5 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  BORIDE  Z  (A-5) 


Material 

a 

a  u 

Sample  No. 
Resumed 

Hr 

Surface 

N 

Computed 

Em  itt*  ne'e 

Mach 

Pe 

4e 

0 

qew 

T 

Radiation 

Normal 

at  V  eO,«V 

No, 

atm 

BTU 

M  ] 

BTU 

°R 

BTU 

Emlttance 

lb 

ft2iac 

obi 

ft*  sec 

Boride  Z  (A-4) 

e  ■  u.  ev 

-I M 

o.  jo 

1.01 

4660 

0.490 

JTO 

4114 

116 

0.44 

.2U 

0.54 

1.19 

4425 

0.415 

190 

•  a* 

mm  mm 

-SM 

0.  32 

1.04 

J005 

0.442 

410 

4405 

... 

mm  mm 

-4  M 

D,  JO 

1.05 

2400 

0.490 

350 

3310 

S9 

0.64 

-SU 

0.34 

1.01 

5074 

0.4*4 

I0O 

9605 

356 

0. 77 

.ill 

0.42 

l.ll 

4174 

0.415 

660 

5710 

335 

0.67 

-7? 

J.2 

0.024 

12120 

0.491 

559 

4630 

349 

0.76 

-H 

J.2 

o.ou 

9200 

0,412 

262 

4240 

112 

0.73 

-9R+ 

J.2 

0.011 

10410 

0.412 

192 

30*0 

43 

1.02 

-l  1R+ 

J.2 

0.031 

14490 

0,490 

701 

4620 

250 

0.43 

-10R* 

J.2 

0.017  11620 

0.4*4 

3*9 

4490 

312 

0,73 

-UR* 

J.2 

0,011  I3I6U 

0.490 

31  6 

5335 

306 

0. 10 

Calculated  Temperature 
iUtlo  T<CALCVT|OBS) 

Cold  Will  Toy  inti  Riddell 


Initial 

Length 

thickness 

Final 

Eupoeure 

Heat  Transfer 

Kaat  Tranefer 

Length* 

Time 

Coefficient 

Coefficient 

(hick  nee  a 

(seconds) 

(mile) 

(mile) 

723/679 

724/676 

970 

1.  14 

1.16 

694/670 

—  /653 

11 

mmm 

--- - 

674/639 

6*0/617 

1130 

1.14 

1.11 

705/663 

704/ 659 

1130 

1.40 

l.  35 

736/690 

-  —  /SOS 

33 

i.o* 

1. 06 

719/694 

mmmmf 603 

40 

1.06 

1.04 

1037/703 

761/469 

1100 

1.14 

1.01 

1021/690 

1041/610 

1100 

1.26 

1.19 

1036/674 

1037/664 

1100 

1.64 

1.61 

1030/697 

430/210 

too 

1.22 

1,09 

1027/697 

1045/  — 

1*00 

1.0* 

0.9* 

1032/670 

1051/ 

1*00 

1.07 

1.00 

+Tranaml*ilvlty  (actor  equal*  0.16  (or  lapphire  window. 


*  rinal  Length  la  band  on  meaeurement  prior  to  eacUoning,  thicknea* 
refers  to  length  altar  sectioning. 


T  . 

Qroei 

Material 

Degradation 

Exposure 

Reeesejot 

°r 

Rtceeiion 

Recession 

Mode 

Time 

Rate* 

m!T.  ’ 

mill 

seconds 

(mlTijr" 
(Jo  min) 

Boride  Z  (A-4) 

409, 

-2 

3 

Oxidation 

970 

6 

17 

Tb,  Shock 

H 

22 

3944 

.6 

22 

Oxidation 

1130 

•4  M 

2920 

0 

4 

Oxidation 

1130 

4144 

116 

Th.  Shock 

3) 

4140 

... 

92 

Tit,  Shock 

40 

-7R 

5170 

269 

234 

Oxidation 

1*00 

3790 

■23 

10 

Oxidation 

1110 

Z620 

■1 

10 

Oxidation 

1*00 

10 

•hr 

5160 

400 

417 

Melting 

too 

-10R 

5030 

-11 

... 

Th.Shock+Oxid 

1100 

■UR 

4175 

-26 

... 

Th.Shock+Oxld 

1100 

Description  o(  Motion  Picture  Film  CoVef*|S 


Itttla  oxidation 

Immediate  tharmal  ahock  failure 
llttla  oxidation 
llttla  oxidation 

•pedmen  cracked,  liquid  oxide  formed,  cpallatlon 
■ptclmin  crickad,  liquid  oxide  formed,  epallatlon 


radial  crack  1/4"  from  laca,  Itttla  activity 

thermal  ahock  of  front  face  on  heat-up,  chipped  non- 

uniformly,  radial  crack  1/4"  from  front,  Llttie  activity 


*  Recession  lataa  converted  to  30  mlnulaa  on  linear  baela. 
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TABLE  6 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  +  20?oSiC(A-7) 


Material 

Sample  No. 

Aiaumed  P 

Emittance  Mach  a 
at  X  7>  0,65m  No.  atm 

1 

« 

0TU 

9 

D  cw 

<  In)  PTU 

T 

!s_ 

q 

r 

Surface 

Radiation 

BTU 

*  N 

Computed 

Normal 

Lmittance 

Initial 

Final 

H/B2i,  *  J0VoSlC(A.7) 

"IT" 

ft2*ec 

oba 

ft2aec 

Length 

ThicVnaaa 

(mile) 

Length 

■fnlcSnJae 

|ml)a) 

Expoeure 

Tim* 

(aeconde) 


Calculated  Temperature 
Ratio  T|  CALC/T(QB3) 
Cold  Wall  Tmf  and  Riddell 
Heal  Tranter  Heat  Tranafer 
-Coefficient  Cot  Hie  lent 


«  .0,60 


-1M 

0.42 

1, 11 

6690  0.488 

810 

6220 

•2M 

0,36 

I.  OB 

6055  0,468 

715 

5260 

3MA 

0.  39 

1.09 

2970  0, 488 

665 

6055 

-3MB 

0.39 

1.09 

2970  Q.488 

665 

5205 

-4M 

0.  36 

1.  OB 

5200  0. 468 

755 

5340 

•5MA* 

0.15 

1,01 

1.01 

5010  A.  435 

6405 

-5MB* 

0.15 

5010  0.436 

655 

5490 

-6M* 

0.71 

1,  34 

3390  0.430 

5595 

-7MA* 

0.15 

I.OI 

6210  0.43) 

740 

6595 

-7MB* 

0.15 

1,01 

1.06 

6210  0.431 

5560 

23MI 

0.33 

4180  C. 429 

627 

5420 

23  Mil 

0,33 

1, 06 

4550  0. 429 

583 

5470 

23M1I1 

0.33 

1.06 

4530  C. 429 

583 

5500 

23M1V 

0.  3) 

1. 06 

4370  0.  429 

5700 

24M1 

0.36 

1.07 

3960  0.427 

550 

5170 

24M11 

0,36 

1.08 

3970  0. 427 

5365 

24M111 

0.  36 

1.07 

3950  0.427 

561 

5400 

24M1V 

0.36 

1.08 

3950  0. 427 

571 

5365 

25KU 

0,24 

1.03 

4890  0.426 

498 

4945 

23M11 

0.27 

1.04 

4700  0, 426 

505 

5090 

25MJ1J 

0.28 

1.04 

4960  0.  426 

5215 

25M1V 

0,27 

1.04 

4910  0.428 

495 

5390 

25MV 

0.27 

1.04 

4610  0.426 

498 

5435 

25MV1 

0.26 

1.04 

4350  0. 426 

513 

5435 

25MV1I 

0.27 

1.04 

47  80  0.  426 

508 

5435 

25MV1I1 

0.26 

1.04 

4420  0.426 

507 

5500 

2SMJX 

0.27 

1.04 

4520  0.426 

518 

5585 

25MX 

0.26 

1.04 

4500  0.426 

493 

5700 

25MXI 

0.26 

1.04 

4500  0.426 

48) 

5710 

30M 

0.25 

1,01 

50  30  0.437 

587 

5375 

))M 

0.16 

1.01 

5580  0.  438 

487 

4650 

17.M 

0.21 

1.02 

5740  0. 438 

618 

5615 

36MH 

0.21 

1.02 

3500  0,  437 

513 

4370 

37MH 

0.21 

1.02 

3640  0.  438 

495 

4225 

40  M 

0.26 

1,04 

4390  0.  438 

495 

4665 

41M 

0,27 

1.04 

4400  0.  458 

502 

5000 

44MS 

0.26 

1,04 

4360  0, 437 

493 

3250 

45M5 

0.26 

1.04 

45»0  0,427 

522 

3345 

•  Prroxidiard  ampin 


336 

0.  4| 

840/828 

.../413 

224 

0.62 

535/520 

—  /563 

318 

0.  50 

882/8,4 

■  ■ -/444* 

198 

•  0,57 

420/M  3 

230 

0,60 

537/536 

••-/J09 

335 

0.42 

886/928 

• •-/--- 

!12 

0.26 

710/640 

246 

0.53 

912/909 

849/011 

3J8 

0.  36 

916/921 

57 

0.13 

*--/--- 

592/539 

209 

0.  51 

923/922 

214 

0.51 

_ / 

2)2 

0.  49 

.../-- 

...'/ _ 

250 

0.  50 

---/-- 

749/729 

198 

0.59 

896/88, 

.../... 

233 

0.60 

...,/... 

226 

0.  57 

.../— 

214 

0.65 

169 

0,60 

925/921 

166 

193 

219 

197 

211 

196 

226 

235 

262 

262 

216 

110 

253 

19 

MO 

126 

150 

36 

46 


0.49 
0  55 
0.55 
0.46 
0.51 
0.48 
0.52 
0.  51 
0.53 
0.52 
0,55 
0,50 
0.54 
0,  19 
0.53 
0.56 
0.  5) 
0,69 
0.7H 


| 

61.6/61., 

686/6*6 

687/687 

699/107“ 

680/ 408“ 

6*9/96" 

687/397" 

684/93" 

690/396" 


a 

"tv. 

469/332 
322/121 
--•/260 
676/516 
.../94u 
•-•/)95° 
—  /B2VV 
--•/J)5° 
684/91 
690/396 


56 
1740 
200 
1600 
1100 
50 
1750 
264 
30 
.750 
1800 
1800 
1800 
1800 
II  DO 
1800 
1800 
1800 
1800 
1411 
1800 
1100 
1800 
1800 
1800 
1100 
1800 
1800 
1800 
1800 
1800 
1800 
1081 
1080 
1800 
1800 
1600 
1800 


'  Final  length  rrfera  tu  ample 
to  auction  length. 

*  Estimated, 

w  Noae  tu  in*diapth  temperature  ima 


1.02 

1.16 

0.19 

1.04 

1.16 

0.93 

1.0S 

1.02 

0.96 

1.13 

1.07 

1.06 

1.05 

1,01 

1.08 

1.04 

1.04 

1.06 

1.16 

1.11 

1.08 

1.05 

1.03 

1.03 

1.04 

1.03 

1.01 

0.98 

0.97 

1.09 

1.23 

1.07 

1.23 

1,28 

1.19 

1.12 

l.»l 

1.69 


1.00 
1,12 
0.82 
0.95 
1. 12 
0,86 
1.00 
0,96 
0.90 
1.06 
1.04 
1.05 
1.04 
0.99 
1.07 
1,01 
1,02 
1,03 
1.16 
MX 
1,12 
1.06 
1.05 
1.01 
1.06 
1.01 
1.01 
0.99 
0.96 
1,06 
1.23 
1,06 
1.16 
1,21 
1.19 
M2 
1.71 
1.61 


length  prior  to  eecUoningi  thlchnen  relay* 


aurement  elation, 


Mata  rial  „T  Qrnee  Material 

Sample  N>;.  _ F  Roc  canon  Rev  a  at  ion 

fTnlTaJ  ~  {mil.) 

H/B^,  4  20%  SIC  IA-7J 


Degradation 

Mode 


Ertpoaur# 

_ rim#  ___ 

•»con3* 


Rect talon 
Rate* 

“ir* — 

3lTmT» 


Dt^acripttun  of  Mollun  Picture  Film  Coverage 


1M 

*■760 

1)0 

2M 

4800 

157 

3MA 

5595 

... 

100* 

3MB 

4745 

... 

8r 

4M 

48UO 

227 

5MA 

5445 

5MB 

5030 

2?,  6 

286 

6M 

51)5 

fc» 

98 

7MA 

6135 

7MB 

5100 

326 

382 

23M1 

4960 

2  3MI1 

5010 

. . . 

23KU1I 

5040 

23M1Y 

3240 

134 

193 

4  Ml 

4710 

4MU 

4905 

_ 

4MIU 

4940 

4M1V 

4905 

103 

153 

SMI 

4485 

5  Mil 

4630 

5M111 

4755 

... 

5M1V 

4930 

5MV 

4975 

5MV1 

4971 

5MVU 

4975 

SMVU1 

5040 

5MIX 

0125 

5MX 

5290 

... 

SMXl 

5250 

456 

509 

OM 

4915 

344 

343 

1M 

4190 

425 

2M 

5155 

111 

171 

6MH 

3910 

|) 

7MH 

3765 

... 

10 

0M 

4205 

... 

14 

1M 

4540 

. . . 

62 

4MS 

2790 

0 

q 

SMS 

268! 

0 

C 

Eatimatad 


Melting 

56 

15)0 

Melt,  4  Oxid. 

1740 

(62 

Melting 

200 

900* 

Oxidation 

1600 

91* 

Melt,  4  Oxid, 

J  too 

1,1 -f 

Melting 

50 

Oxidation 

1750 

28p 

Ox.d,  4  Melt . 

264 

660 

Melting 

so 

Oxidation 

1780 

182 

Melt.  4  Oxid. 

taco 

Oxidation 

1800 

Oxidation 

1800 

Oxidation 

1000 

48 

Melt.  ♦  Oxid, 

wro 

Oxt  ft  Mon 

1800 

Oxidation 

1800 

Oxidation 

1800 

19 

Me  ft.  4  o*id. 

1800 

Melt,  4  Oxid. 

1411 

Melt.  4  Oxid, 

1800 

Oxidation 

1800 

Oxidation 

1800 

Oxidation 

1800 

Oxidation 

1800 

.... 

Oxidation 

1800 

Oxidation 

1800 

Oxidation 

1800 

Oxidation 

1800 

53 

Melt.  4  Oxid. 

1800 

343 

Melt.  4  Oxid. 

1800 

425 

Melt.  4  Oxid. 

1800 

1 7 1 

Oxidation 

1001 

22 

Oxidation 

1000 

|y 

Oxidation 

1800 

14 

Oxidation 

1800 

62 

Oxidation 

1800 

0 

Oxidation 

1800 

0 

,  aonif  oxide  i  hipped  away . 
i  eunburit,  little  activity, 


ir»i  rapia  mailing  at  angle, 

Gradual  heaiup,  rapid  mvltlng,  eoltdi/ied  In  aunburat. 

Sunburn  formed,  oxide  mrlllng. 

Solidified  aunburat,  little  change. 

Rapid  melting,  aultdified  in  eunburet,  little  change. 

Rapid  melting,  rapid  rrireaaion. 

Solidified  in  aunburat, 

Rotating  and  vibrating  of  aample,  continuum  oxide  melting, 
Rapid  melting.  * 

Solidified  In  aunburat, 

Rapid  melting,  aolldifted  m  aunburat,  little  activity, 

Intact  from  cycle  I .  F 

Intat  t  from  cycle  II. 

Intact  from  cycle  III, 

Melting,  aolidjfled  i 
Ini  act  from  cycle  I, 

Intact  from  cycle  II. 

Intact  fruni  cycle  Ill. 

Conaidrrable  mailing,  aultdtfiad  after  aeveral  minute., 
oxide  melting  and  .hipping,  aunburat  furmad,  lumr  oxide  meltli1 
Same  behavior  a*  cycle  U, 

Slight  melting  and  iMlIing  of  oxide,  little  ch*ng«, 

No  change  from  cycle  JV, 

Slight  melting  and  IMlIing  of  oxide,  little  change, 

No  change  from  cycle  VI, 

No  change  from  cycle  Vll,  oxide  buildup  on  aidea. 

Slight  melting  and  chlpplrg  of  oxide  ai  edgve. 

No  change  from  cycle  IX, 

Slight  melting  of  oxide  at  edgaa. 

Malting,  aolldifted  In  aunburat,  aotnc  alight  oxide  melting. 

Slow  mi-ltinn,  evanlually  aolldlfied,  luma  oxid*  malting, 

Melting,  aolldifted  In  aunburat, 

Hot  apot  1/6"  dlam.  at  noaa,  lull*  activity. 

Very  alight  oxide  melting  apread  irum  edge.  Inward. 

Slow  oxide  melting  from  adgea  inward. 

Little  vialble. 
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Cat  i  mated 

Converted  to  30  minute,  on  a  linear  baaia. 


TABLE  7 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  HfB2  +  20%  SiC  (A-7) 


UltirUt 
Sample  Ho, 

Assumed  p 

ImUUic  •  kick  • 
l|  *  ■  Q.*3p  Xo.  atm 


wmJA*  zo* 
*  ■  olid 


D 

Jial 


T 


■>, 

Surlici 

Radiation 

BTU 


*  N 

Computed 

Normal 

Eminence 


Initial 

Lenath 

Thicxnesa 

<*dle) 


riMt 

tuiclneee 

f  mils) 


Exposure 

Tima 

[■tconiTaJ 


Calculated  Tamp rature 
Ratio  T(CALC)/T  (OU) 
Cold  Walt  Fay  and  Riddell 
Ha  at  Tran  a  tar  Haat  Traaafa  r 
CoiKiciiat  Coefficient 


-14  HI 

1.2 

0.014 

107)0  0.434 

347 

3500 

2* 

0.41 

-24  XU 

S.2 

0,043 

10440  0.4 >4 

347 

3750 

37 

0.40 

-24X111 

1.2 

0,043 

10440  0.434 

347 

3730 

44 

0.53 

-24X1V 

>.2 

0.043 

10400  0 i 4)4 

347 

3745 

59 

0.41 

-27X1 

2.2 

0.204 

7220  0.434 

34* 

3455 

7* 

0.18 

-17RH 

2.2 

0.203 

7340  0.434 

*04 

5440 

224 

0.54 

-27X111 

2.2 

0.197 

7100  0.434 

*04 

3370 

212 

0.54 

■  27X1V 

2.2 

0.144 

7130  0.434 

54* 

33*0 

210 

C.  54 

-28RI 

S.2 

0.044 

10)20  0.427 

449 

3533 

14 

0.44 

•24X11 

3.2 

0.044 

10330  0.427 

444 

3**0 

34 

0.40 

-24X111 

S.2 

0.072 

10200  0.427 

449 

3*50 

32 

0.34 

-2BXJ  V 

S.2 

0.072 

10300  0.427 

4  44 

3440 

*0 

0.39 

-24RV 

S.2 

0.072 

10200  0.427 

444 

3140 

IS* 

0.40 

-24XV1 

3.2 

0.072 

10300  0.427 

44« 

3243 

1*0 

0,44 

-24XVU 

S.2 

0.042 

4420  0.427 

444 

5145 

154 

0.42 

-24RVU1 

S.2 

0.042 

10470  0.427 

444 

3413 

152 

0.34 

•  24R1X 

3.2 

0.043 

10210  0.427 

447 

*0*5 

134 

0.25 

-24XX 

S.2 

0.043 

10740  0.427 

449 

37  W 

77 

0.12 

-24XX1 

0.043 

10440  0.427 

444 

5190 

113 

0.3S 

-24HX11 

Y.Z 

0.070 

4940  0.427 

440 

3275 

124 

0.  >4 

-24XXUI 

3.2 

0.070 

4440  0.427 

440 

5)10 

151 

0.40 

-24R1 

2.2 

0.143 

7340  0.427 

332 

3470 

47 

0.69 

-aviui 

2.2 

0.143 

7510  0.427 

332 

3730 

44 

0.47 

-24X111 

2.2 

0.1*7 

75*0  0.427 

341 

4410 

72 

0.40 

-24R1V 

2.2 

0. 147 

7410  0.427 

349 

47*0 

173 

0.73 

-24RV 

2.2 

0.147 

4240  0.427 

355 

4250 

44 

0.57 

-24RV1 

2.2 

0. 144 

7*30  0.427 

532 

4523 

94 

0.48 

-24RVU 

2.2 

0.144 

7*30  0.427 

347 

4410 

179 

0.66 

-24RVUI 

2,2 

0.144 

7720  0.427 

555 

47*0 

153 

0.63 

-29X1X 

2.2 

0.164 

7440  0.427 

5*1 

4745 

221 

0,19 

-29RX 

2.2 

0.144 

7540  0.4o7 

347 

4760 

151 

0.6) 

-29RX1 

0.1*4 

7450  0.427 

532 

4410 

114 

0.66 

-SIR 

3*.  2 

0.105 

4440  0.427 

390 

3435 

37 

0.37 

-34R 

3.2 

0.140 

4040  0.427 

720 

54*3 

198 

0.47 

-3SR 

3.2 

0.140 

4030  0.427 

741 

3410 

270 

0.50 

1001/64* 

... 

HOO 

1.42 

1.11 

— /— 

...... 

1100 

1.70 

...  .jL 

1800 

1.70 

1005/441 

1400 

l,f4 

1.69 

1001/6  66 

— /— 

1400 

1.13 

1.14 

.../... 

1100 

1.1* 

...... 

1800 

1.17 

944/477 

1400 

1,17 

1.13 

1206/, 9» 

.../... 

1.7* 

1.73 

■  .  ... 

1.71 

1.69 

...... 

.../... 

1.70 

1.69 

...... 

l.*3 

1.42 

...... 

1400 

1.20 

1.19 

.../... 

1800 

1.14 

1,17 

...... 

... 

1.17 

1.17 

...... 

...... 

1.13 

1.13 

...... 

1474 

1.02 

1.01 

•»/— 

1400 

1.66 

1.63 

"•A-- 

-A- 

1400 

1.20 

1.18 

1400 

1.17 

.../... 

1210/li, 

1150 

l.l* 

1.13 

llli/,77 

■■■/■■■ 

1400 

1.79 

1.76 

•••/••• 

1400 

1. 66 

1 .  *4 

-./... 

1400 

1.40 

1.39 

**•/— 

1400 

1.31 

1.31 

.../... 

1400 

1.48 

1.49 

-A- 

1800 

1.  37 

1.  3* 

...... 

1800 

1.27 

1.26 

-A- 

1800 

1.31 

1.  SO 

— -A- 

1800 

1.31 

1.  30 

1800 

1.30 

1.  29 

1167/ 81, 

1800 

437/650 

1229/920 

667/6,5 

IZ62/H9 

1542 

1200 

1.88 

1.21 

1.83 

12 24/921 

721/606 

90 

1.17 

1.13 

Final  length  refer  a  loincaaurcmi.nl  alter  expueuru,  thickness  raft 
to  auction  lenpth. 


Material 

T 

Groin 

Mat  r  mil 

Degradation 

Exposure 

Ret  realm* 

Sample  Ho.  F 

HIB,  .  ♦  20%  SiC  (A- 7) 

Rot  1‘uwinr 
(mils) 

Rfi  I’smon 
TmiM 

Mode 

Time 
second a 

Rate  ♦ 

mil* 

30  min 

•26P1 

3040 

Oxidation 

1400 

•26R1I 

3290 

Oxidation 

1400 

— 

•  26R1II 

3290 

Oxidation 

1400 

. .  - 

-L6R1 V 

3325 

4 

'  9 

Oxidation 

1400 

1 

■  27RI 

4495 

O  i elation 

wion 

— 

-27R11 

4440 

Oxidation 

1400 

... 

-27RJI1 

4410 

.  -  - 

Oxidation 

1400 

'  " 

•  27R1V 

4400 

1 1 

9 

Oxidation 

1400 

2 

-28IU 

3075 

Oxidation 

1400 

... 

•24RU 

1200 

Oxidation 

1400 

... 

-28R1II 

3190 

Oxidation 

1400 

.  -- 

-28RIV 

3380 

Oxidation 

1400 

... 

-21RV 

4720 

Oxidation 

1400 

— 

-24RV1 

4825 

Oxidation 

1400 

-28RVI1 

SB.  3 

Oxidation 

1400 

... 

-18RV1U 

4955 

Oxidation 

1400 

-28R1X 

5*05 

Oxidation 

1479 

... 

•2G.RX 

3)00 

- 

Oxidation 

1440 

-  -  - 

-28RXI 

47)0 

Oxidation 

1400 

"ZIRXII 

4413 

Oxidation 

1400 

-  -  - 

-2IR*3U 

4430 

-4 

15 

Oxidation 

1150 

1 

-24X1 

3010 

.  -  - 

Oxidation 

1400 

... 

-29RU 

1240 

... 

Oxidation 

1000 

... 

-29*111 

3930 

... 

Oxidation 

1400 

... 

-24RJV 

4)00 

... 

Oxidation 

1400 

... 

-29RV 

3790 

. .. 

Oxidation 

1000 

... 

-29RV1 

40*5 

... 

Oxidation 

1400 

... 

-29RVU 

4450 

... 

Oxidation 

1400 

... 

-  29RVH1 

4300 

. .  - 

Oxidation 

1400 

— 

-29RiX 

4333 

... 

Oxidation 

1000 

... 

-29RX 

4)00 

_ 

— 

Oxidation 

1800 

... 

•  29  BXI 

3930 

15 

49 

Oxidatior. 

1490 

4 

-3SR 

2973 

0 

9 

Oxidation 

1542 

* 

-S4R 

5005 

-13 

31 

Oxidation 

1200 

4* 

-  35R 

5350 

293 

315 

Melting 

90 

*300 

Description  of  Motion  Picture  Film  Coverage 


Left  edge  grew  hotter  throughout  run. 

Oxide  formed  inward  from  left  edge. 

Left  aid*  hotter  than  raat  of  face. 

No  change  from  cycle  111, 

Light  oxide  formed. 

No  change  from  cycie  1,  alight  oxide  chipping. 

No  change  from  cycle  11  . 

No  change  from  cycle  111. 

Uniform  heating,  little  activity. 

Uniform  heating,  little  activity. 

Uniform  heating,  one  epot  near  edge  oxidised. 

Bright  oxide  a  pot  near  edge,  patches  on  face. 

Oxide  covered  moat  of  front  face. 

Intact  from  cycle  V,  little  activity. 

Some  oxide  chipping i  Utile  activity. 

intact  from  cycle  Vll,  eome  additional  oxidation. 

Intact  from  cycle  VUl,  little  activity. 

Moat  of  oxide  broke  off,  patchy  oxide  formed. 

Soma  chipping  at  edgee,  little  activity. 

intact  from  cycle  XI,  oxide  covered  moil  of  face. 

Some  oxide  broke  off,  little  activity. 

Little  activity,  uniform  heating. 

Slight  hot  epol  at  canter. 

Hot  apot  more  apparent  and  growing. 

Oxide  covering  meet  of  aample . 

Moat  of  oxide  broke  off,  spotty  oxide  remaining. 

Oxide  '.hickeat  at  top  edge . 

Some  oxide  broka  off,  surface  nonunlformly  ©xidiied. 
Some  oxide  brokt  off,  surface  nonunlformly  oxidised, 
Some  oxide  broka  off  top,  heavy  oxide  on  bottom. 
Bottom  oxide  broke  off,  heavier  oxide  remained  on  top 
Oxide  brake  away  almost  completely,  reformed  slowly 
Uniform  heating,  little  activity, 

Slight  oxide  melting  at  edge*. 

ILipia  melting  and  recession. 


♦Converted  to  30  minute*  on  a  linear  baala. 


TABLE  8 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  H£B2  +  20%SiC  (A-7) 


Materia) 

Sample  No. 

Allumr  ri 

Emlttancr  Mach  P 

*t  h  •  ajtiu  Bgi,  ilk 


qr  ‘  N 

,  Surface  Computed 

e  n  \w  T  Kadietlun  Normal 
BTU  (ini  HTU  UR  BTU  Emltuncr 

lb  ftZaec  obs  ft  77c 


Initial  Final 


(mils!  (mils! 


Exposure 

Tim* 


Calculated  Temperature 
Ratio  T(CALC)/T(QI5fl) 
Cold  Wall  Fay  And  Riddall 
H«*t  Transfer  Ha  at  Transfer 
Coefficient  Coefficient 


>U02  J  ♦  2CVSiC(A-7) 

*  >  0!b0 

-38RH  2.2  0.128 

8280 

0.437 

497 

3015 

27 

0.70 

1000/9)** 

1000/9) 

1800 

2.03 

2.2) 

-39RH 

2.  2 

0.  162 

65-40 

0,437 

487 

1170 

34 

0.72 

994/391** 

995/390 

1812 

1. 88 

2.02 

0.138 

7140 

0,  437 

498 

1080 

27 

0.64 

1001/96 

1800 

1.96 

1.92 

503 

14 

0.70 

1001/J95** 

1002/394 

1800 

1.91 

1.80 

503 

3680 

4? 

0.54 

1001/9)** 

1001/5) 

1200 

1.60 

I.5J 

•47RS 

2.2 

0. 169 

6290 

0.440 

489 

161  5 

40 

0.50 

100l/)99** 

10C9/)99 

1800 

1.64 

1.61 

■  48RH 

2.2 

0.  145 

7030 

0.97  5 

492 

3000 

25 

0.65 

1000/%** 

1001/95 

1800 

2.01 

1.99 

-49RHS 

2.2 

0.  162 

6  BOO 

0.  975 

512 

3Z80 

34 

0.63 

loot/ioo** 

1001/100 

1800 

1.85 

1.82 

•  50RH 

2.2 

0.150 

7250 

0,975 

492 

3090 

30 

0.70 

1001/399** 

1001/M9 

1800 

1.96 

1.96 

5IRHS 

2,2 

0.  162 

6510 

0.  975 

497 

3155 

10 

0.64 

1000/)9M* 

1002/)9) 

1800 

1.90 

1.86 

•52MI 

0,25 

1.05 

4020 

0,437 

455 

3050 

85 

0.82 

692/690 

— 

1800 

1.40 

1.40 

-52M11 

0.25 

1-05 

4110 

0.437 

455 

4370 

152 

0,88 

***-/— 

1000 

1.24 

1.24 

-52M1I1 

0.25 

1,01 

4140 

0.437 

450 

5185 

199 

0.59 

11 

1800 

1.05 

1.05 

-52MJV 

0.2b 

1.03 

41BU 

0.437 

442 

4B30 

117 

0.46 

1800 

1.12 

1.13 

-  52M  V 

0.  26 

1.03 

4160 

0,43? 

450 

5125 

163 

0.50 

. /— 

1800 

1.06 

1.06 

•52MV1 

0. 2b 

1.03 

4350 

0,437 

450 

5150 

182 

0.55 

1*00 

1.06 

1.08 

1.05 

-52MVU 

0.26 

1.03 

4 1 B0 

0,43? 

45U 

5215 

209 

0.60 

1800 

1,04 

-52MV111 

0.26 

1.03 

4400 

0,437 

450 

5170 

199 

0.59 

..-Ml 

1430 

1.06 

1.07 

*  38RR 

2.2 

0.263 

7290 

0,437 

800 

5240 

227 

0.64 

1001/9)-* 

1800 

1.30 

1.32 

-  39RR1 

3.2 

0.053 

8810 

0.437 

885 

3415 

39 

0,6! 

999/)90** 

1800 

2.02 

1.13 

*  J9RR11 

3.2 

0.  105 

7290 

0.437 

937 

474  5 

199 

0.83 

--.-/)« 

375 

1.44 

1.34 

-  46  KR 

1.2 

0.109 

7  540 

0.440 

908 

3570 

47 

0.62 

1001/9)** 

1001/92 

1800 

1.94 

1.65 

•  Final  length  refer*  to  «omple  length  prior  to  sectioning!  thicknta* 
refer*  to  section  length. 

*•  Noie  to  in- depth  temperature  measurement  station. 


Material 

■r 

Or, ns  Mtttorml 

Dot  nidation 

Exposure 

Sample  No  > 

Ri  ^  •  altm  Recession 

M«m1i- _ 

Tlmv 

“7m»n  (mils) 

seconds 

HfB2  j  +  20%SiC(A-7) 


J8RH 

2555 

0 

0 

Oxidation 

1800 

39RH 

2710 

-  1 

l 

Oxidation 

1012 

42H 

2620 

0 

0 

Oxidation 

1800 

43R 

27  30 

•  1 

1 

Oxidation 

1000 

46  RS 

3220 

0 

0 

Oxidation 

1200 

47RS 

3155 

-8 

0 

Oxidation 

1800 

48RH 

2540 

-1 

1 

Oxidation 

1800 

49RHS 

2820 

0 

0 

Oxidation 

l  BOO 

50RH 

2630 

0 

0 

Oxidation 

1800 

51RHS 

2695 

•2 

2 

Oxidation 

1800 

52M1 

>390 

Oxidation 

1800 

52M11 

3910 

Oxidation 

1800 

5  2  Mill 

4725 

Oxidation 

1800 

52M1V 

4370 

Oxl dal  ion 

1800 

52MV 

4665 

Oxidation 

1800 

52MV1 

4690 

Oxidation 

1800 

52MV11 

4755 

-  - 

Oxidation 

1800 

52MV111 

4710 

329 

Oxidation 

1430 

38P.R 

4780 

■ . 

Oxidation 

1800 

39RR1 

2953 

-  - 

Oxidation 

1800 

39RR11 

4285 

.  - 

24 

Oxidation 

376 

46RR 

3110 

0 

1 

Oxidation 

1800 

Recession 

Rate* 

— 

AC  irTIn 


0 

1 

0 

l 

0 

0 

1 

0 

0 


115 

1 


Pea cripilon  ol  Motion  Picture  Film  Cove  rant* 


No  activity. 

No  activity. 

Lilli*  visible. 

No  activity. 

Little  activity,  hottest  at  sample- ahroud  Interface. 

Little  activity,  ahroud  hotter  lhan  sample. 

No  Aclivity. 

No  activity. 

No  activity. 

No  activity 

Little  visible,  edges  began  tc.  oxidisa.  t 

Edge  chipping  and  droplets,  oxide  buildup  from  edge  inward. 

Oxide  melted,  broke  off,  alow  mulling  continued. 

Considerable  melting,  solidified  in  (unburst. 

initial  melting  of  oxide. 

initial  melting  and  chipping  oi  oxide. 

Intact  from  cycle  VI,  little  activity, 

Intact  from  cycle  VII,  little  activity. 

3/8"  diam,  hot  a  pot  oxidised  at  note. 

Little  activity. 
j/»"  diam.  Hot  spot, 

Little  activity. 


^Converted  to  JO  minutes 
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TABLE  9 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  ZrB2  +  20%SiC  (A-8) 


Matarlal 

Sample  No. 

’r 

'  N 

Aaaumad 

4 

T 

Surface 

Computed 

Emitter*# 

Mach 

tw 

Radiation 

at  k  -  0.4V 

No 

atm 

BTU 

BTU 

BTU 

Emittanca 

Final 

"lb 

ItW 

oba 

ft1  aac 

TKTctenaea 

Length* 

lilcnaai 

ZrB.  .  ♦  20%  S4C(A' 

4) 

(mils) 

(mile) 

«a  0,40 

-1M 

0.47 

1,14 

3430 

0.449 

230 

3975 

293 

0.49 

411/410 

272/259 

-2M 

0.43 

1.12 

3070 

0.449 

723 

6049 

30* 

0.49 

34T/J.T 

236/212 

•  3M 

0.33 

1.07 

4143 

0.449 

633 

6055 

363 

0.57 

40T/JM 

116/2* 

-4MA 

0.32 

1.04 

3913 

0.449 

SIS 

1999 

110 

*.92 

407/399 

•  4MB 

0.  32 

1.04 

3913 

0.449 

513 

3909 

352 

o.os 

„.  v'... 

271/2,7 

-5M 

0.42 

I.W 

3070 

0.426 

603 

Ml, 

162 

0. 52 

MO/OTI 

494/449 

•4M 

0,70 

l.iJ 

3320 

0.424 

733 

3f»Q 

269 

0.49 

M,/*71 

141/94 

•7MA 

0.17 

1.02 

3410 

0.426 

443 

5900 

252 

0.60 

IU/M0 

.../••■ 

•7MB 

0.17 

1.92 

3410 

0.426 

443 

40*0 

33 

0. 11 

442/414 

-•M 

0.10 

1.01 

3140 

0.426 

310 

4640 

167 

0.77 

Ili/tll 

454/1,1 

-9M 

0.10 

1.01 

3230 

0,426 

390 

3620 

5* 

0,69 

I40/M4 

495/474 

■  10MA 

0,09 

1.01 

3970 

0.426 

240 

3299 

34 

0.61 

■91/Ml 

■  10MB 

0.09 

1.01 

3970 

0.426 

240 

3165 

21 

0,99 

.../... 

•91/277 

•  UM 

0.17 

1.01 

3710 

0.426 

390 

3209 

61 

0.62 

222/27 9 

447/149 

- 12  MA 

0.76 

1.33 

3130 

0.426 

719 

4945 

1M 

0.67 

Ml/M? 

■  12MB 

0.70 

1.33 

3130 

0.426 

Til 

5990 

215 

0.64 

4M/442 

- 13  MA 

0.44 

1.12 

3140 

0.426 

425 

5923 

272 

0.4* 

■40/1*1 

■  13MB 

0,44 

1.12 

3140 

0.426 

419 

4773 

114 

0.47 

794/77  9 

-14MA 

0.21 

1.01 

4490 

0.426 

429 

36  3  0 

262 

0.57 

MI/M7 

...... 

■  14MB 

0,21 

1.01 

4490 

0.426 

415 

4900 

159 

0.59 

419/747 

•  15MI 

0.13 

1.00 

3140 

0.427 

367 

4210 

121 

0.72 

7M/007 

...... 

-15MU 

0.13 

1.00 

4430 

0.427 

3000 

199 

0.62 

.../... 

...... 

>13  Mill 

0,13 

1.00 

4140 

0.427 

392 

5160 

212 

0.63 

.../... 

--•/-- 

■  15M1V 

0,13 

1.00 

443'' 

0.427 

324 

9000 

195 

0.6* 

—  /441 

■  17M 

0.13 

1.01 

3700 

0.427 

503 

9340 

212 

0.57 

407/404 

534/494 

-UM 

0.13 

1.01 

4070 

0.527 

449 

5043 

125 

0.61 

7M/401 

492/454 

-19M 

0.14 

1.00 

4430 

0.427 

390 

3623 

52 

0.67 

400/401 

440/475 

-Z0M 

0.13 

1.00 

3730 

0,427 

410 

47  20 

170 

0.73 

417/4(4 

701/622 

-25M 

0.1J 

1.01 

3240 

0.42* 

360 

3620 

30 

0.62 

91/9444 

•••/IS 

•  24M 

0.13 

1.01 

3430 

0.433 

370 

1573 

4* 

0.60 

391/195** 

---/149 

•  29M5* 

0.13 

1.00 

Sj3C 

0.424 

146 

3220 

92 

0.32 

99/94*4 

-'■/•• 

-  30MS 

0.13 

1.01 

4440 

0.437 

330 

3000 

29 

0.76 

4II/J9I** 

490/149 

•  40M 

0.4* 

1.13 

4030 

0.429 

270 

3973 

222 

0.47 

123/324 

149/171 

•  4IM 

0,42 

1,10 

3130 

0.429 

600 

6033 

225 

0.45 

301/297 

155/(5? 

•42M 

0.  33 

1.07 

4*23 

0.422 

690 

6090 

350 

0.54 

104  /294 

241/235 

-43MA 

0.33 

1.07 

4233 

0.419 

609 

4129 

99 

0.73 

101/292 

■  43MB 

0.33 

1,07 

4133 

0.429 

609 

6125 

366 

0.55 

-/— 

250/214 

Eipoiurt 

Time 

(aaconde) 


Calculated  Temperature 
Ratio  T ( CA  LC |/T  13 BS) 
Cold  Wall  Fay  aad  Riddel) 
Htat  Transfer  Haat  Traaafer 
Coefficient  Coefficient 


22 

1.07 

1.03 

34 

1.01 

1.00 

72 

0.92 

0.9* 

225 

1.31 

1.39 

42 

0.93 

0.91 

1200 

1.09 

1.0* 

43 

0.97 

0.93 

220 

0.96 

0.92 

1920 

1.05 

1.00 

1200 

1.17 

1.15 

1200 

1.47 

1.42 

.200 

1.45 

1.47 

1600 

1.31 

1.93 

1200 

1.34 

1.33 

660 

1.12 

1.02 

9 

1.00 

0.96 

40 

0.27 

0.2* 

1760 

1.10 

1.01 

160 

0,96 

0,92 

1640 

1.11 

1.13 

1200 

1.12 

1,14 

1200 

1.02 

1.07 

1200 

1.06 

1,07 

1200 

1.02 

1.02 

1200 

1.02 

1.01 

1100 

1.13 

1,15 

1200 

1.43 

1.43 

1200 

l.ll 

1,22 

1200 

1.42 

1.53 

1200 

1.91 

1.3* 

1200 

1.40 

1.45 

1200 

1.76 

1.79 

21 

1.05 

1.00 

29 

3.03 

0.99 

40 

0.  92 

0.94 

10 

l.  3? 

1.34 

40 

0.  94 

0.  91 

*  Encaaad  in  Poco  (D-10)  graphite  ihroud  which  ablated  completely 
lit  500  aac . 


♦  Final  length  rffifi  to  aamnlit  length  prior  to  scctinningi  thirkneaa 
refer*  ttriecuon  length . 

*■*  Note  to  in* depth  temperature  meaeurement  it.it ion. 


Material 

T 

°v> 

□  rue* 

Malarial 

Degradation 

Exposure 

Rue  a  siun 

Sample  No. 

T 

Recession 

Ricenion 

Mode 

Time 

Pate* 

(mllal 

(milt) 

second* 

mile 

ZrBj  ,  4  20%  SiC(A-l) 

•  1M 

35)5 

14* 

135 

Melting 

22 

12680 

-3M 

3585 

161 

185 

Melting 

34 

9790 

-3M 

5999 

291 

307 

Melting 

78 

7092 

-4MA 

33  35 

... 

Oxidation 

285 

*.  . 

•  4MF 

3445 

136 

<42 

Melting 

42 

6070 

-5M 

4475 

182 

224 

Oxidation 

1800 

224 

-6M 

3390 

700 

777 

Malting 

43 

32526 

-7MA 

5140 

... 

Malting 

2  BO 

... 

-7MB 

46  00 

204 

264 

Oxidation 

1320 

264 

-3M 

4120 

•2 

7 

Oxidation 

1800 

7 

-9M 

3160 

*5 

10 

Oxidation 

1800 

10 

- 10  M  A 

22)5 

— 

... 

Oxidation 

200 

... 

-10MB 

27  05 

0 

4 

Oxidation 

1600 

4 

-UM 

3345 

-3 

10 

Oxidation 

1800 

10 

•  12MA 

4483 

... 

... 

Oxidation 

660 

-  12MB 

5090 

3 

247 

Melting 

9 

39600 

-13MA 

5525 

... 

... 

Melting 

40 

■  13MB 

4319 

64 

73 

Oxidation 

1760 

73 

« 14  MA 

3170 

... 

... 

Molting 

160 

•-  - 

•  14MB 

4440 

42 

80 

Oxidation 

1640 

80 

•  1IM1 

4350 

— 

Oxidation 

lioo 

--  . 

-  15MU 

4340 

... 

Oxidation 

1800 

•  15U111 

4700 

— 

Oxidation 

1800 

— 

-15M1V 

4340 

... 

26 

Oxidation 

1800 

7 

*  17M 

4880 

69 

no 

Oxidation 

1800 

110 

•  12M 

4385 

96 

27 

Oxidation 

1800 

27 

-19M 

3225 

-  2 

* 

Oxidation 

1800 

6 

-20M 

4260 

-4 

2 

Oxidation 

1800 

2 

-25M 

3160 

... 

8 

Oxidation 

1100 

8 

-26M 

3113 

... 

6 

Oxidation 

1800 

6 

•  29MS 

3340 

2 

Oxidation 

iioo 

8 

-30MS 

2340 

-2 

6 

Oxidation 

1200 

* 

-40M 

3513 

1)4 

153 

Melting 

28 

9830 

-41M 

5595 

150 

1  SB 

Melting 

29 

9800 

-  42M 

5630 

58 

61 

Melting 

40 

2730 

-43MA 

1665 

... 

Oxidation 

80 

■  43MB 

56*5 

53 

58 

Melting 

40 

2520 

Peecrlptlon  of  Motion  Picture  Film  Coverage 


Large  drope  melting  end  blowing  off. 

Large  drope  melting  and  blowing  off 

Slow  heatup,  rapid  melting 

Slow  heatup,  eume  liquid  at  edgea 

Rapid  malting 

Oxide  melting  continuously 

Rapid  melting 

Oxide  formed  and  melted 

Solidified  in  aunburat 

Little  activity,  mmi  oxide  melting  at  rdgre 
Little  activity 
Little  vdeible 
Little  visible 

Little  activity,  icmc  email  bubble*  on  turfatc 
Sample  loom  on  ating,  aunburat  formed 
Rapid  malting 

Edgee  melted,  *unbur*t  lormatiun 

Solidified  In  aunburat 

Melting 

Solidifiod  in  aunburat 

Edge  oxide  melted,  central  unoxidized  cold  apnt, 

Slight  apalUng  of  oxide,  center  oxidiaed  a  lowly 

No  change  from  cycle  II 

No  change  from  cycle  Ill 

Molting,  solidified  In  sunburst 

Edge*  melted,  aolldifled,  loini  amall  bubble* 

Hotter  at  edgea,  some  edge  melting 

Heavy  oxide  formed  ■  lowly  from  edgee  to  center 

Utile  activity. 

Utile  activity, 

Uttle  activity. 

Utt’i  activity. 

Large  drope  melting  and  blowing  off 
Large  drope  melting  and  blowing  off 
Rapid  melting,  large  chunk*  flying  off 
Small  bubble e,  uniform  Keating. 

Rapid  melting 


^Converted  to  30  minute*  on  a  linear  ba*i>. 
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TABLE  10 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  ZrB2  +  20%SiC (A-8) 


*  Fm* I  length  r«(«n  lo  measurement  after  expomre,  thick**** 
r*l*p»  to  length  liter  ifctlonlng. 

••  No*#  tu  tifdrpth  temperature  measurement  station. 


Material 
Siimnli-  N». 


UrokM 
hft  ciMtm 

"(mir.p- 


Material 
Rm  i-siiur 


Ui-g  ra  da  I  ion 
Mode 


*rh2  j  4  2o%SiC(A»H) 


I6RI 

4  HO 

Ovjii.ition 

1 800 

IfaKli 

4155 

■  ■  1 

Ovulation 

1800 

16HMI 

4440 

Oxidation 

1800 

IfiRIV 

1940 

1 

27 

Oxidation 

1800 

l  IRA 

2875 

Oxidation 

400 

2JRH 

4280 

895 

567 

Mi  lung 

i  i 

22ft  A 

mo 

... 

Oxidation 

146 

22RU 

5064 

469 

482 

Mi-  lung 

55 

2  IRA 

1685 

Oxidation 

40 

23RU 

6010 

594 

613 

Melting 

5  l 

24RA 

1685 

Oxidation 

14 

24RU 

5245 

649 

661 

Milling 

44 

27R 

2875 

-  6 

7 

Oxidation 

1800 

28ft 

■1620 

-8 

8 

Oxidation 

1810 

HRS 

2620 

•2 

3 

Oxidatiun 

1800 

HRS 

2765 

I 

5 

Oxidation 

1800 

31R 

2730 

-  3 

10 

Oxidation 

1800 

3411 

4265 

-6 

7 

Oxidation 

1800 

Rev  ration 
Rate* 


PeicripUon  of  Motion  Picture  film  Cbmmh 


Little  activity*  OKidr  formed  on  top  half, 

•  Oxide  broke  off,  apotty  oxide  reformed, 

Oxtde  brok*  off,  reformed  on  bottom,  then  top, 

7  Intact  from  cycle  Hi,  oxide  grew  uniform,  broke  In  ipoti. 

Little  activity.  ^ 

'0^00  Sudden  rapid  melting, 

Uniform  hratlng,  alow  heatup  to  trig*  m»itin|, 

15700  Mailed  from  edge*  to  center,  rapid  melting. 

Slo*  heatup  to  melting, 

215-00  Rapid  melting, 

Heated  to  melting, 

21600  Rapid  melting. 

7  Little  activity, 

6  Oxide  formed  from  top  to  center,  bottom  unoxidiaed. 

3  Little  activity,  ahroyd  •  lightly  colder  than  aample, 

■’  Little  activity,  oxidation  at  sample* shroud  interface, 

10  UUIt  activity. 

7  Non. uniform  oxide  buildup  from  left  to  right, 

’Converted  to  30  minutea  on  a  linear  baaia 
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TABLE  11 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF 


HfB2  l  +35  v/o  SiC(A-9) 


Maurlil 
Sampl*  No. 

Aaaumsd  _  , 

Em  iiu  net  Much  •  •  D  scw  T 

at  V  *  0.&5p  No.  atm  BTU  jluj  BTU  ^R 

lb  -  ft  e*c  obt 


% 

Surface  Computed 
Radiation  Normal 
BTU  BmttUaiii 

II1  MC 


Initial  Final 


(mils)  (mils) 


Calculated  Temperature 
Ratio  T<CALC)/T(OBS) 
Cold  Wall  Fay  sad  Riddell 
Eipoaun  HmI  Tranihr  H«at  Tiaaihr 
Tlmo  Coefficient  Coefficient 

(lacMdif  *™ 


MB 2  1  +  35  v/o  SIC  |A-9> 
«  <0.40 


0.44  I 

.14 

5700  0.449 

910 

40?0 

327 

0.51 

-2M 

0.44  1 

.12 

4700  0.449 

130 

4300 

349 

0. 50 

-4MA 

0.14  1. 

M 

4410  0,419 

44$ 

4370 

132 

0.71 

-4MB 

0, 34  1. 

00 

4410  0.449 

44$ 

5170 

344 

0.44 

-514 

0.33  1, 

07 

3444  0.449 

430 

4000 

140 

0.74 

-  4M 

0.  to 

1.01 

4730  0,434 

410 

4040 

45 

0. 52 

-  TM 

0,13 

1.01 

9490  0.434 

343 

9140 

49 

0.44 

■<  OMA 

0.59 

1.13 

1440  0.424 

430 

4115 

44 

0.40 

-  0MB 

0.59 

1.13 

2440  0.414 

530 

3995 

52 

0.43 

•  fUA 

0,10 

1.01 

4110  0. 424 

410 

9925 

240 

0.99 

-  9MB 

0.10 

1.01 

4110  0.424 

450 

9105 

134 

0.  97 

-10MA 

0.21 

1.04 

4130  0.424 

53ft 

4010 

>74 

0. 49 

•  10141 

0.17 

1.01 

4130  0.424 

539 

9900 

Iftl 

0,42 

■  DM 

o.a 

1.09 

9130  0.424 

700 

4199 

279 

0.40 

•ISM 

o.to 

1.01 

4140  0.414 

550 

5119 

240 

0.40 

•  1)M 

0.34 

1.00 

3410  0.414 

440 

9115 

130 

0.43 

•I4MA 

0.21 

1.01 

SIM  0,414 

470 

4370 

109 

0.43 

•14MB 

0.21 

l.ot 

3100  0.414 

410 

5409 

241 

0,50 

-DM 

0,19 

1.01 

3520  0.424 

410 

4050 

19 

0.42 

529/505 

229/222 

71 

1.07 

1.03 

522/410 

.../IT, 

133 

0.95 

0.91 

442/441 

135 

1.35 

1.31 

- /200 

no 

I. 00 

0. 90 

mfsi) 

544/903 

1000 

1.24 

1.20 

41T/.1, 

--/41» 

1000 

1.34 

1.2ft 

4M/<U 

41,/ 42 5 

1000 

1.32 

1.2ft 

Ml/42) 

200 

1,23 

1.19 

414/420 

1900 

1.20 

1.23 

340 

0.90 

0.90 

I0l/l») 

1440 

1.02 

0.94 

4)2/42, 

—A— 

15 

0.93 

0.91 

212/1,1 

1725 

1.02 

1.00 

17, /Ml 

*2/  0 

142 

0.99 

0.9T 

421/41, 

•1/  ,1 

410 

0.97 

o.a* 

411/411 

■  —/IV 

1000 

1.03 

1.02 

412/411 

290 

1.23 

t.ift 

214/117 

200 

0.94 

0.92 

411/412 

41,/, 1, 

1000 

1.2ft 

1.24 

"Final  length  ia  baaed  on  measurement  prior  to  atctionlBil  thickness 
r ofara  to  length  attar  aactloning, 


Mats  rial 
Samolt  No. 

T 

°r 

Groia 

Recession 

Malarial 

Rscession 

Da  tradition 
_ Mod# _ 

Expo  aura 

Tima 

RacaaaUtn 

Rais* 

Da  script  ion  of  Motion  Picture  Film  Coverage 

mils 

HID,  ,  +  35  v/o  SIC  (4-9) 

•  1M  4430  294 

mile 

203 

Malting 

aac onda 

71 

mile  .  milt 
aac  ID  mtn 

3.49/4530 

Immsdiats  malting,  rapid  raceaaion 

-2M 

5040 

... 

231 

Maltlitf 

133 

1.74/9)30 

alow  haat-up  (ollnwad  by  malting 

•4MA 

3910 

... 

»♦ 

Oxidation 

135 

..../s+ 

•lew  heat. up.  alight  outface  activity)  thss  mailing  and  i 

•4MB 

•5M 

5410 

3540 

31 

300 

50 

Malting 

Oxidation 

111 

1000 

9,22/5000 
— ./ 50 

recession 

ilw  hast. up,  liquid  alsdgss,  than  i«mt  malt  lag  at  saa 
■olidltiad,  aunburst  formed  and  Iross,  scans  additional 
(acs  activity 

littls  activity,  sligM  exids  mall  at  sdgss. 

-  494 

3500 

4 

Oaddatlo* 

1000 

4 

•  TM 

3400 

"•i 

3 

Oiddatieei 

1900 

3 

Little  activity. 

-  094A 

3449 

... 

... 

Oxidstloa 

200 

Little  activity,  sligM  oxide  melt  nt  sdgss. 

-  0MB 

3939 

-34 

1 

Oxidttiesi 

1400 

1 

•  99IA 

9049 

... 

Oxidation 

340 

240 

Odds  malted,  solidified  ia  asahurat. 

.  9MB 

4015 

212 

245 

Oxidation 

1440 

-10MA 

5550 

... 

Oxidation 

75 

143 

Rapid  malting  of  oxide,  solidifled  ia  aabtrit. 

•  10MB 

5040 

114 

143 

Oxidation 

1721 

•  UM 

5735 

310 

347 

Uetiiag 

142 

4492 

Rapid  msltiag  aad  recsssioa. 

Oxide  melting,  cuaaidaruMe  rtcesaioa. 

-UM 

5949 

>44 

374 

MeMlag 

410 

Mil 

•  DM 

4555 

124 

Oxidatieai 

1000 

124 

Oni da  melted,  solidified  ia  aeeburat. 

-14MA 

3910 

... 

O-i  da  Q  ota 

2ft0 

1714 

SUgM  edge  melt,  thea  n^d  malting. 

-14MB 

-19M 

5149 

3590 

14; 

o 

205 

9 

Ms  HIM 

Oaddstio* 

200 

1000 

9 

Utile  activity,  hot  rim  broimd  adge. 

*  Estimated. 

*  Estimated  . 

*Racaaaioa  rata  converted  to  30  mlntdaa  on  linear  baste. 
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TABLE  12 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF 
ZrB2  +  14%  SiC+30%C(A-  10) 


Material 

Summit  No.  V  *N 

A»««n«4  p  ,  Sur/aca  Cwftpi4«4 

Eminence  Mack  «  •  O  V«  T  lUiUtloo  Normal  UUUl  riant 

41  V  -C.tV  No.  atm  BTU  (lo^  BTU  *R  BTU  Eminence  Lent*  LeaglA* 

Ik  XI  -.2“  tREVaaTi  talc  U#*  a 

Ik  ft  ooc  <*•  ft  44c  <mlU|  <»ua| 


’N 

Compute  4 
Normal 


Espoaure 

Tim# 


Tocosssr 


Calculated  Temperature 
Ratio  T1CALC)/ T(OBB) 
Cold  Wall  Fay  aad  Riddell 
Hoot  Tra offer  Meat  Tvaaafar 
Coefficient  Coefflcleat _ 


ZrR.  4  SiC  *  C  (A-10) 
•  »  <f,  40 


.1M  0.34 

1.04 

9044 

0.499 

749 

9430 

300 

0.44 

••1/474 

709/494 

34 

1. 10 

1.04 

-2M  0. 39 

1.07 

4799 

0.499 

444 

5970 

31& 

0.70 

•17/141 

374/344 

142 

1.07 

1.04 

-JM  0.31 

1.04 

3210 

0.499 

440 

4414 

104 

0.5) 

•49/449 

742/7)4 

1400 

1.19 

1.12 

•4M  0.32 

1.04 

4079 

0.497 

420 

5390 

102 

0,27 

•4l/«90 

442/404 

1400 

1.07 

1.02 

-SM  0. 34 

1.04 

9290 

0.499 

744 

3470 

312 

0.49 

•47/494 

199/142 

142 

1.  II 

1.07 

-4M  0.31 

1.04 

2920 

0.499 

«•§ 

3429 

44 

0.74 

441/151 

443/051 

1400 

1.40 

1.41 

•7R*  3. 2 

0. 024 

12970 

0.499 

490 

3430 

109 

0.74 

1149/454 

1171/427 

1400 

1.14 

1.04 

-■R*  3.2 

0.031 

1)470 

0.499 

4)7 

3709 

243 

0.  57 

1145/444 

1025/714 

1100 

1.  17 

1.09 

-9R*  3.2 

0.222 

10240 

0.410 

1010 

3329 

224 

o.si 

1142/452 

412/277 

32 

1.31 

1.25 

-I0R*  J.i 

0.  127 

9290 

0.497 

744 

3525 

250 

0.97 

942/422 

4)2/300 

17 

1.2) 

1.14 

-HR*  3,2 

0.044 

10440 

0.499 

494 

5939 

129 

0,75 

1143/442 

1157/414 

1400 

J .  21 

1.1) 

-I2R*  3.2 

0.011 

14)70 

0,447 

314 

1400 

1)4 

o.ra 

972/447 

977/4)4 

1400 

1 ,04 

0.90 

.13MA  0.21 

1.02 

4210 

0.499 

410 

4029 

92 

0.74 

•99/144 

•  /• 

1)00 

1.3) 

1.12 

■ISldB  0.21 

1.  Q2 

4210 

0.499 

410 

4109 

120 

0.90 

-/- 

459/440 

100 

1. 30 

1,90 

-I4M  0.94 

1.20 

3405 

0,499 

340 

3209 

240 

0. 44 

454/191 

9)4/129 

1400 

1. 02 

1.01 

•  1944  0.40 

1.24 

3020 

0,492 

440 

>•40 

49 

0.42 

747/742 

749/774 

1400 

1.94 

1.4) 

-I4MA  0,  70 

1 .  )3 

3240 

0.499 

724 

91)4 

230 

0. 70 

494/454 

./. 

1190 

1.09 

1.03 

-14MB  0,70 

1.33 

3240 

0,499 

724 

3919 

3)0 

0.74 

-/- 

719/714 

4) 

1.02 

4.94 

-DMA  0.24 

1.0) 

4315 

0,424 

340 

3490 

314 

0.97 

424/424 

-/- 

100 

0.97 

4.94 

-17MB  0.24 

1.0) 

4319 

0.424 

340 

4710 

mf  m 

444/144 

1700 

1.11 

1.14 

•  14MA  0.21 

1.0) 

3940 

0, 424 

934 

9440 

291 

0  4) 

•20/429 

-/- 

49 

0.93 

0.07 

-1IMB  0,21 

1.03 

3940 

0.  424 

934 

9040 

14) 

0.3) 

703/409 

1799 

1.04 

1.01 

-DMA  0.1S 

1.01 

9200 

0.424 

440 

9)90 

191 

0.4) 

424/417 

34 

1.04 

1.04 

.19MB  0.11 

1.01 

9200 

0,424 

440 

4140 

20C 

0.4) 

•  /• 

014/77) 

1742 

1.09 

1.11 

-20M  0,19 

1.01 

4430 

0.429 

349 

4105 

105 

0.79 

423/422 

•23/414 

1400 

1.24 

1.21 

-2IMA0.79 

1.34 

3210 

0.424 

•29 

4240 

49 

0.49 

115/410 

-/• 

44 

1.94 

1.27 

-21MB  0.79 

1.34 

3210 

0.424 

124 

3445 

224 

0.44 

-/- 

192/142 

99 

1.00 

0.99 

-22MA0.T0 

1.29 

32)0 

0.424 

730 

4140 

91 

0.44 

423/414 

217 

1.39 

1.29 

-22MB  0.70 

1.29 

3230 

0. 424 

730 

3700 

24) 

0.1) 

./. 

312/204 

104 

0.99 

0.14 

*T..«»L.Mtr  <~i.r  HMU  o.  •«  I.r  «N*ir.  >M~.  U..U. «.  k...d  u.  ..mmw  prior  u>  ....IMU*  U.I.BM.. 

refer#  to  length  after  sectioning, 


Material 
Sample  No. 

i 

Oroaa 

Racaaaloa 

Material 

Racaaaloa 

Degradation 

Eftpoeure 

Tim* 

mill 

mile 

second* 

ZrB,  ,  SIC  ,  C  (A-10) 

34 

4170 

172 

140 

Malting 

-2M 

«)M 

5110 

4041 

40) 

97 

502 

114 

Malting 

Onldatlea 

142 

1400 

•4M 

4470 

274 

344 

Oaldatiaa 

1400 

-9M 

•4M 

4114 

2949 

442 

•22 

496 

7 

Melting 

Onidatioa 

142 

1400 

•  7R 

4970 

.4 

27 

Oaldatiaa 

1400 

-OR 

4244 

140 

129 

MeU  ♦  Osld. 

1400 

-9R 

9049 

540 

573 

Melting 

32 

-ICR 

4069 

310 

322 

Malting 

Oaldatiaa 

37 

-UR 

4074 

4 

>4 

1400 

•  MR 

4046 

-5 

11 

Onidatioa 

1400 

-DMA 

9963 

OUldatioa 

1300 

•13MB 

3445 

-  4 

4 

Onidatioa 

900 

-I4M 

4029 

-  74 

24 

Onidatioa 

1400 

•14M 

3400 

-  2 

• 

Onidatioa 

1400 

-14UA 

4475 

Onidatioa 

1150 

-14MB 

5063 

137 

140 

Melting 

4) 

-l7hfA 

5)90 

Melting 

Onidatioa 

100 

-17MB 

4270 

240 

240 

1700 

-14MA 

4)90 

Melting 

Onidatioa 

44 

•14MB 

4400 

117 

140 

1755 

•I9MA 
•  19MB 

4930 

4490 

10 

44 

Malting 

Onidatioa 

30 

1747 

-20M 

)4t» 

•  2 

4 

Onidatioa 

1400 

-21MA 

3740 

_ 

... 

Onidatioa 

45 

•21418 

-22  MA 

9229 

3T00 

42) 

440 

Malting 

Onidatioa 

99 

217 

.22MB 

5240 

ill 

530 

Malting 

104 

Racaaaloa 

JMU* 


3.29/9310 
2, 74/4^70 
- /1 14 


4.30/7740 
—  »/7 
- /27 

•  — -/I29 

11.0/32,400 

0.7/19,440 

- / J4 

.  —  ./II 


Poocrlptlon  of  Motloa  Metmt  Film  Coverage 


immediate  melting,  euoburet  lata  la  rus 
immediate  me  It  lag.  euaburet  iormatio* 

•urface  activity,  auaburat  formad  aad  frona*  Uttla 
change 

maltlai,  euehuret  formad  and  frost,  tomt  addltlosal 
oaldt  maltlai 
maltlai,  rapid  voetttlaa 
ao  film  coverage 

uniform  heating,  icma  undercutting 

oat  a  Ida  heated  fatter,  maltad  elighlly,  racaailoa  at 

angle,  undercutting 

rapid  maltl«|  and  receeelos 

rapid  maltlai  and  recaMie» 

uniform  lioatla|,  tomo  illtM  malting 

uniform  hooting,  liulo  activity 

Poor  aapoaura. 

Initial  malting,  a  natural  formation,  aside  continued  to  m«U. 

Dr  opiate  coatlawmely  akot  out  frmn  coatov  to  edge  a. 

Dr  opiate  formad  followed  By  rapid  melting  of  aside . 

Rapid  maltlai.  eelidUted  is  iwSwit,  Uttla  adittloaal  activity, 

Rapid  maltlai,  aolidlflad  la  ■attvat,  Uttla  addilioaal  activity. 

Front  lac  a  maltad.  aoUdlfiad  Is  auihterat,  additional 

oaldo  moltia|. 

Little  activity,  alight  adgo  malt. 

Sample  looaa  on  at  log.  maltlai,  rapid  racaaaloa. 

Sample  looaa  on  at  lag,  mult  lag,  rapid  rocoaaios. 


*  Racaaaloa  ratoi  converted  to  M  mlmSea  on  linear  baaia. 
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TABLE  13 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  ZrB2  +  14%SiC  +  30%C(A-10) 


Aiiumid 

E  mi  dance 

Mach 

p. 

l* 

D 

T 

Surface 

Computed 

Calculated  Temperature 
Ratio  T(CALC)/T  (OBS) 

at  k  -  0,65u 

No. 

atm 

BTU 

(In) 

BTU 

“R 

BTU 

EmltUne* 

lit 

ft2aec 

oba 

It'  a.c 

Length 

“Thickness 

Length* 

TKTFfcir. 

Time 

(second!) 

Coefficient 

Coefficient 

ZrBj  ♦  SIC  4  C  (A-10) 

{mile) 

(mils) 

«  s  0.60 

•23MI 

0.21 

1.02 

3850 

0.431 

414 

5090 

161 

0.5| 

82 2 /B 20 

1800 

1.04 

1.03 

-noil 

0.21 

1.02 

4000 

0,431 

412 

3060 

158 

0.31 

...... 

1800 

1.05 

-23M1II 

0,21 

1.02 

4130 

0,431 

402 

5035 

156 

0.32 

...... 

1800 

1.06 

1.06 

-23M1V 

0.21 

1.02 

3960 

0,431 

316 

5035 

137 

0.32 

■■■/■■■ 

022/999 

1800 

1.04 

1.05 

-24M1 

0.20,  1.02 

4390 

0 1  42b 

407 

4015 

73 

0.57 

826/125 

--•/--- 

1800 

1.31 

1.  3) 

-24MH 

0.20 

1.02 

4130 

0,42b 

398 

4710 

141 

0.61 

...... 

...... 

UOO 

1.13 

-  i  4  Mi  LI 

0.21 

1.02 

3470 

0.426 

396 

4785 

147 

0.60 

...... 

moo 

1.06 

1.07 

-24M1V 

0.21 

1.02 

4040 

0.426 

402 

4920 

170 

0.62 

....... 

1800 

l.0| 

•24MV 

0.21 

1.02 

4500 

0,426 

0,426 

398 

4665 

131 

0.37 

...... 

.../... 

1I0U 

1.10 

1.  13 

-24MV1 

0.21 

1.02 

4330 

394 

496  5 

169 

0.59 

...... 

1800 

1.07 

1.  10 

-24MV11 

0.24 

1.04 

4710 

0,426 

394 

4990 

17  5 

0.60 

...... 

-  -  / - 

1600 

1.  OB 

1. 14 

-24MVUI 

0,23 

1.02 

4530 

0,426 

391 

5010 

169 

0.37 

...... 

...... 

1600 

1.07 

1.11 

-24M1X 

0,23 

1.02 

4130 

0,426 

406 

5025 

180 

0.60 

...... 

1600 

1.06 

1.06 

•24MX 

0,23 

1.02 

4400 

0,426 

394 

5000 

176 

0,6o 

....... 

1800 

1.07 

1.10 

-I4MXI 

0.23 

1.02 

3990 

0,4.76 

391 

5045 

187 

0,61 

1600 

1.04 

1.06 

•  24WXI1 

0.23 

1.02 

4310 

0,426 

4  23 

5125 

ISA 

0.58 

033/921 

1600 

1,05 

1.07 

•  27MA 

0,  24 

1.03 

5160 

0.437 

511 

6150 

234 

0,35 

689/652 

70 

0.91 

0.95 

-27MB 

0,24 

1.0J 

5160 

0.437 

511 

5535 

173 

Cl.  39 

074/341 

1710 

1.04 

1.05 

•  26MA 

0.74 

1.3! 

3300 

0.437 

398 

5930 

181 

0.31 

M0/*t! 

250 

0,93 

1.07 

0.93 

-  2CM  B 

0.74 

1.15 

3300 

0.437 

598 

5193 

... 

■-•/-- 

— /U« 

562 

1.07 

-S4MH 

0.  IB 

1.01 

3990 

0,4)7 

116 

4105 

68 

0.31 

691/103** 

--./BJ*< 

1800 

1,29 

1.  37 

•  33MH 

0.11 

t.  01 

3500 

0.437 

420 

3960 

62 

0,54 

686/3934* 

690/388*4 

1800 

1.32 

1.  36 

-  IBM 

0,23 

1,02 

1,02 

3870 

0.437 

400 

3840 

52 

0,31 

690/93** 

694/09** 

1800 

1.37 

1,  37 

•J9M 

0.21 

3990 

0.425 

400 

4740 

92 

0,  19 

692/199** 

-■-/3SI** 

1800 

Ml 

1,12 

*  42  MS 

0,21 

1.03 

4000 

0.437 

393 

3020 

2? 

0.69 

693/103** 

694/101 

1800 

1,74 

1,  75 

•  43M3 

0,21 

i.oi 

4040 

0.4)7 

403 

JO  33 

26 

0,63 

616/400** 

691/399 

1800 

1.73 

1.74 

*  f'vn*!  length  refers  to  measurement  afler  exposure,  thickness  refer  a  to 
length  after  sectioning 

*>>  Nmi  to  tiwlvpth  temperature  measurement  station, 


Material 

r 

Oruas 

Material 

Degradation 

Expoeur# 

Sample  No, 

°r 

Recession 

Mecvision 

Mode 

Time 

Heel's  sn 

(mils) 

“"rmTlsr^ 

second* 

Rule' 

2rB2  7  SIC  4  C  (A. 10) 

ml  Is 
iCTmin 

•23M1 

4630 

Melt .  ♦  Oxid. 

1800 

•  23M1I 

46U0 

... 

Oxidation 

1BOO 

-2JMIII 

4575 

. . . 

Oxidation 

1800 

•  23M1V 

4575 

0 

63 

Oxidation 

1800 

lb 

-24  Mi 

362! 

Oxidation 

1600 

-24MII 

42!0 

... 

Oxidation 

1800 

... 

-24M111 

432! 

. .. 

Oxidation 

1800 

_ 

-24MI V 

4460 

Oxidation 

1800 

... 

» 24M  V 

4405 

Oxidation 

1800 

_ 

*24M  VI 

4505 

... 

Oxidation 

1800 

. .  _ 

-24MV11 

4530 

Oxidation 

1800 

... 

.24MVIII 

4550 

Oxidation 

1800 

_ 

-24MIX 

4565 

... 

Oxidation 

1800 

... 

•24MX 

4540 

Oxidation 

1800 

... 

•24MXI 

4583 

... 

Oxidation 

1800 

_ 

-24MXU 

4663 

-9 

104 

Oxidation 

1800 

9 

•  27MA 

5690 

— 

Melting 

70 

-27MB 

5075 

113 

141 

Oxidation 

17  JO 

Ml 

-26MA 

5470 

Melting 

250 

•  28MR 

4735 

*  ■  • 

471 

Oxidation 

362 

1263 

-I4MH 

J645 

... 

IB 

Oxidation 

1800 

18 

•  35  M  H 

3500 

-4 

3 

Oxidation 

1800 

5 

•  36M 

3  380 

-4 

6 

Oxidation 

1800 

6 

•39M 

4280 

16 

Oxidation 

1800 

16 

-42  MS 

2560 

-l 

2 

Oxidation 

1800 

2 

•  43MS 

2595 

*5 

3 

Oxidation 

1800 

3 

fcdgei  melted,  sunburst  formed,  alight  oxide  melting. 
Intact  from  cycle  l,  little  activity, 

Intact  from  cycle  II,  Itttlr  activity 
Intact  from  cycle  III,  little  activity, 

Hotter  at  edges. 

Oxide  formed  over  face,  tome  bubble*  at  rdg**, 

Heavy  uxide  covered  lace, 

Little  change,  alight  oxide  melting, 

Little  change,  oxide  grew  heavier, 

Little  change,  alight  oxide  melting, 

Little  change,  alight  oxide  melting. 

Little  change,  oxide  heavier, 

Little  change. 

Little  change. 

Little  change, 

Little  change. 

Melted  from  edgea  to  center 
Solidified  in  sunburst, 

Small  droplets,  oxide  melted,  considerable  recession. 
Solidified  in  sunb.,rat. 

Hot  a  pot  l/4"  diameter  at  note,  little  activity, 

Hot  spot  l/B" diameter  »t  note,  little  activity, 

Little  vlalblr,  slightly  hotter  at  edges, 

Little  visible,  hotter  at  edges,  oxide  on  from  face. 
LlttJr  visible. 

Lilt  Ic  visible. 


•Converted  to  30  minutes  on  a  linear  basis. 
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TAD  1  A 

SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  ZrB2  +  14%SiC+  30%C  (A-10) 


Material 

3*  mpt#  No, 
Aeaumad 
Emittance 
at  A  »  0,6  V 


Mach 

No, 


Pi  o  t  Surfaea 

•  •  D  **cw  1  Radiation 

*tm  RTU  (ini  BTU  R  BTU 

it  aac  oba  ft^ aac 


ZrB2  +  SiC  *  C  (A-10) 

l  ■  o,  to 


-25RI 

•25R11 

•25JU11 

-25RIV 

•26R1 

-26R1I 

-26R1II 

•26R1V 

-26R  V 

-  26R  VI 

-26RVU 

•26RV111 

•26R1X 

-26RX 

■26RX1 

-J0RA 

-30RB 

•  31RA 
■3IRB 

UKA 
■  32RB 
•33RA 
■33RB 

■34RH 

*  3?RH 

-40R 

*  41R 

•  44RS 
■45RS 

*  46RH 
-47RHS 
•48RU 

•  mus 

*«RRA 

•48RRB 

*4»RRC 


2.2 

2.2 

2.2 

2.2 

2.2 

2.2 

2,2 

2.2 

2,2 

2.2 

2.2 

2.2 

2.2 

2.2 

2.2 

3.2 

3.2 
3.2 
3.2 
3.2 
3.2 

3.2 

1.2 
2.2 
2.2 
2.2 
2.2 
2.2 
2.2 
2.2 
2.2 
2.2 
2.2 
3.2 

3.2 

3.2 


•070 
•  310 
7800 
1160 
7630 
7730 
7900 


0,117 
0. 117 
0,120 
0.120 
0.242 
0,  240 

0.240  _ 

0.240  7900 
0. 236  7610 
0.236  7310 
0.236  8140 
0.236  7370 
0.236  7890 
0.2)6  76  JO 
0.236  7680 
0.090  10440 
0.090  10440 
0,109  10910 
0,109  10910 
0.139  9920 
0.139  9920 
0.  i49  7990 


0,149 

0,147 

0,144 

0.147 

0,147 


7950 

7250 

7710 

6320 

6460 


0,226  7400 
0.229  7470 
0.165  7220 


0,167 

0.155 

0.167 

0.109 

0.117 

0,125 


6010 

6350 

6010 

6980 

6040 

8710 


0.417 

0,437 

0.437 

0.437 

0,417 

0.417 

0.437 

0.437 

0.437 

0.437 

0.437 

0,  437 

0.437 

0.437 

0.437 

0.426 

0.426 

0.426 

0.426 

0.426 

0.426 

0.426 

0.426 

0.437 

0.437 

0.437 

0.425 

0.440 

0.440 

0.975 

0,969 

0,975 

0.975 

0.976 

0,976 

0.976 


492 

498 

498 

491 
460 
452 
460 

492 
460 
469 
460 
417 
437 
455 
469 
551 
551 
596 
596 
656 
656 
682 
682 

492 
482 

493 
495 
495 
498 
501 
507 
492 
522 
654 
864 
•71 


Maim*  I 
Sample  No, 


Oroao  Material 

Meet*  a  ion  Rec*»*lon 

Jmila)  — 


ZrB2  ♦  SiC  t  C  |A  •  10) 


-25R1 

-25R11 

-25HIU 

■25R1V 

-26RI 

-26R1I 

•  26R111 
■26RJV 
■26RV 
-26RV1 
-26RVII 
•26RVI11 
-26IUX 
-2bRX 
-26RX1 
•30RA 
•10RB 

•  31RA 
•3IRB 
•32RA 
-32RB 

•  33RA 

•  33RB 

■  36  RH 
-  37RH 
-40R 
•41R 
-44RS 

•  45RS 

■  46RH 
-47RHS 
-48KH 
-49RH5 
■48RRA 
-48RRB 
-48HRC 


4405 
4493 
4590 
47  30 
4135 
4495 
4650 
4675 
4650 
4675 
4695 
4720 
47  30 
■1745 
47  30 
3190 
4995 
3190 
4450 
3130 
4143 
50  30 
4320 
3255 
3235 
4475 
4650 
4215 
44  50 
2565 
4285 
2510 
3470 
5065 
5065 
5065 


709 

2 

-I 


26 

680 


719 

5 
3 

6 
17 
II 
14 

1 


Degradation 

Mode 


Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidat.  an 

Melting 

Oxidation 

Melting 

Melting 

Melting 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 


‘  N 

Computed 

Normal 

Emittance 


4165 

160 

0.61 

4955 

194 

0.68 

5050 

214 

0.70 

5190 

2)5 

0.69 

4595 

126 

0.60 

4955 

202 

0.  71 

5110 

216 

0.67 

3113 

224 

0.69 

5110 

220 

0,  69 

5115 

227 

0.70 

5155 

219 

0.66 

5  mu 

219 

0.65 

5190 

2)1 

0,68 

5205 

229 

0.66 

3190 

236 

0.69 

3630 

33 

0,  40 

5453 

196 

0,47 

36  50 

44 

0.5) 

4910 

123 

0,45 

3  590 

64 

0.12 

4605 

l)J 

0. 6  J 

5490 

4780 

129 

0.  52 

3715 

69 

0.  77 

3695 

74 

0.83 

4915 

173 

0.62 

3110 

211 

0.66 

46  7  5 

125 

0.  56 

5110 

202 

0.63 

3025 

22 

0,  56 

4745 

138 

0.  38 

2970 

20 

0.  53 

41)8 

99 

0,73 

3525 

286 

0.63 

3535 

206 

0,63 

5325 

281 

0.64 

Expo*tir< 
_ Time 


1HO0 

1HC0 

1600 

1800 

1800 

1800 

1800 

1800 

1800 

1800 

1800 

1800 

1800 

1800 

951 

428 

124) 

300 

30 

35 

40 

30 

40 

1800 

1800 

1800 

1800 

1800 

1800 

1800 

1800 

1800 

1800 

425 

160 

33 


Initial 

Length 

Thicxnee* 

(mill) 


Final 

Length* 

Thlcnioi 

(mile) 


Exposure 

Tima 

(aeconda)' 


Calculated  Temperature 
Ratio  T  (CALC)/t  (OBS) 
Cold  Wall  Fay  and  Riddell 
Heat  Transfer  Heat  Tranifar 
Coefficient  Coefficient 


1001/682  1800  1.25 

i*oo  i,24 

*--/-♦  1800  1,21 

-•*/---  1002/698  1600  ta 

1000/679  *•-/••-  1S00  ,‘S 

•*%“*  1800  1.21 

1100  1.17 

•"V"  — ,t00  1.17 

•••//■■  UOO  1, 17 

1800  1,17 

•••/•:  M0«  MS 

MOO  1,1) 

1111/882  ••-/-•-  tit  |  75 

•■•/•••  Ml/7%  1241  Mr 

ll2l/,li  .../...  300  1,74 

......  473/131  30  32 

1119/809  ......  3) 

1128/121  .../...  jo  1  [a 

■■■/•■•  919/102  40  ill 

1010/102**  1012/97  1800  i'll 

99  S/393*.  991/390  1800  ij 

100  3/95*.  1004/19  1)00  21 

IOOO/S99*.  1014/382  MOD  ,, 

9*3/9***  995/85  1800  Mo 

*96/3*8**  1001/380  1800  1*14 

1007/1*5**  1007/104  1800  100 

1004/100**  1007/87  1800  1  2S 

1 0CS  0 1  1800  2,01 

913/391**  913/388  1800  1.4) 

1008/402  —A..  ,25  MS 

. /;••  mo  1,24 

.../■•■  9!i/...  33  1,25 

Kina]  length  refer*  t>  measurement  after  exposure,  ihicknti 
to  measurement  after  sectioning, 

•  Nuae  to  in-depth  temperature  measurement  btaiiun 


1. 14 
1.2) 
1.18 
1.17 

1.40 
1.30 
1.27 
1.26 

1.25 
1.24 

1.26 
1.2) 
1.24 
1.2) 
1,2) 

1.75 
1. 17 
1,78 
1, 12 
1.80 

1.41 
1.1) 
1.29 

1.76 
1.80 
1,16 
1.13 

1.13 
1.24 
2.01 
1.21 
1.97 
1,40 
1,05 
1.10 

1.14 


■cfei 


Recursion 
Rate* 
mTT* 
ifTmTn 


II 

it 


—  Urn' ription, uf  Motion  Picture  Film  Coverage 


Uniform  oxide  buildup,  little  activity. 

Some  oxide  chipping,  little  activity. 

Oxide  cracked,  aome  chipping, 

Lir,.  PlK*.ol.x,4.  broke  oil,  .url.c.  r.okldited, 
Spotty  oxide  buildup, 

Oxide  grew  more  uniform, 

Lillie  ch.nge  Iron,  ryclr  II,  .ome  chipping  g,  edge,. 
Oxide  chipped  off  center  and  nigra.  1 

Oxide  breaking  off  and  melting, 

Uniform  oxide,  little  activity. 

Some  oxide  broke  off  edge  a.  little  activity. 

Intact  from  cycle  VII.  1 

Intact  from  eye  It-  VIII, 

Jrom  CVC|*  ,omr  •  P* lling  of  heavy  oxide. 
Intact  from  cycle  X.  ' 

Oxide  formed  from  edgea  into  canter 
Oxide  covered  face 

Oxide  a  low  ly  malted  from  edge*  into  renter 

Rapid  melting 

Heated  to  melting 

Rapid  melting 

Heated  to  melting 

Rapid  melting 

Hot  spot  1/4"  diam.  oxidised  at  nose, 

Hot  apot  L/4"  diam.  oxidised  at  nuae. 

Non* uniform  oxide  buildup,  grew  heavier. 

Speckled  turface,  gradual  oxide  buildup. 

Oxide  gradually  spread  ovtr  sample,  not  ahroud. 

Oidde  grwover  top  half  of  ahroud  and  moil  of  sample. 
Hot  apot  1/4"  diam.  oxidised  at  nose.  P 

Snuji  hot  spot  grew  tu  l/2"  diam.  *»  note. 

Little  activity. 

Small  hoi  spot  1/2"  diam.  at  no«e. 

Heavy  oxide  mrlting  continuously,  then 
solidified  eventually  leaving  an  unoxldlted 
apot  at  center, 


♦Converted  tu  JO  minute*  on  a  linear  basis. 
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TABLE  15 


SUMMARY  OF  DEPLETION  DEPTHS  OBSERVED  AFTER 
ARC  PLASMA  EXPOSURES  OF  BOPJDE  COMPOSITES 


tie  ill  el  toil 

Daplctian 

Material  Tempewture 

Depletion 

1  mu1 

Rate 

Mule  no  1 

Temperature 

depletion 

Tima 

Ratr 

Sample  No.  i  I'l 

Dept  h  (in  1 1 

(net) 

(imU/lmur) 

Simple  Nil, 

(  K)  _ 

DcptMmila) 

(miU/hour) 

H<B2420%SlClA-4l 

U1U2  j4  20H>SiC(A-7) 

-  2M  50  ID 

11 

IN  10 

22 

■IM 

57  6  0 

115 

56 

7410 

-2-2M  1170 

10 

IN  10 

20 

•  2M 

4800 

80 

1740 

166 

-2-1M  4710 

*fi 

1810 

51 

1S1 

1880 

54 

1800 

108 

-2-4M  5190 

12 

1810 

61 

•HM* 

5030 

140 

1750 

288 

•  2-6R  5190 

26 

1800 

52 

-6M 

5135 

65 

264 

885 

-  2-7  R  5100 

52 

1800 

104 

-7M 

5100 

80 

1750 

165 

.2-«R  54BQ 

49 

IHOO 

98 

•  2  IM 

5060 

140 

7200 

70 

-MM 

4865 

1  10 

7200 

65 

Hill-  ,tl5%SlCtA-‘J) 

-  25  M 

4945 

14 

19418 

6 

2,1. 

26  H 

12  15 

2 

6800 

1 

-IM*  5610 

no 

78 

6020 

•  27F 

4945 

1 

7200 

l 

-  2M4  5810 

80 

l  11 

2170 

2 OR  . 

1975 

2 

19800 

1 

-1M  5410 

70 

251 

')% 

•  HIM,, 

4915 

27 

1800 

54 

-5M  1510 

11 

1800 

2i> 

4190 

47 

1800 

91 

-7M  1400 

i 

1800 

6 

•  12M 

5155 

too 

1800 

200 

-8M  1515 

5 

1800 

to 

-hk 

2975 

0 

1542 

0 

*  9M  4825 

90 

IHOO 

180 

-  14R 

5005 

0 

1200 

0 

*I0M  5040 

11 

1800 

62 

•  15R 

5150 

130 

90 

5200 

-liM*  46  55 

41 

i«no 

82 

•  16  Mil 

3910 

21 

1081 

70 

•  UM  5149 

9 

408 

7( 

•  17  Mil 

1765 

10 

1080 

13 

-ISM  1590 

1 

lauu 

6 

l"Ml 

2710 

0 

1812 

0 

Hi  >1 

4205 

45 

1800 

90 

II  M 

•I  5  40 

19 

1800 

78 

+  Ml- lllhK  oemrreil,  ili'pl cl  um  mi* 

inurement  unlikely  to  lie 

lepentltlilc, 

■t.'l 

2M0 

0 

IH00 

0 

1  II' 

27  10 

0 

IHOO 

0 

SMI 

44(l(i 

11 

■  4010 

8 

*M»li>iii<  in  i  i 

r red,  cli'lilnu.n  n 

e.i'iiri  Hii'ltl  unlikely  tu  hi' 

dependable. 

Depletion 

be  pi  ft  i«n 

Mute  rut' 

1  etitiicrdiurt1 

Depletion 

lime 

Rule 

Ml  (V*  let 

leitU"  r.ilui't 

.  ni 

l)i  pletiiiu 

lime 

Unit 

Sample  No* 

-  ra _ 

l)epth(tmU) 

I«v*l 

(nuly/lmuil 

y y* 

nepthjmjJjO 

fa). 

(mUa/hour) 

*rU|  ,420%9»C(A.8> 

•  ft  Ml  5585 

100 

14 

10590 

y.rll.tSiC:«<  |A- 

•  im; 

(»» 

5170 

5 

>4 

610 

■4M 

5445 

120 

127 

1320 

-2M 

511(1 

6 

182 

1 19 

-5M 

4475 

5 

1800 

10 

.  IM 

4(155 

1  1 

1800 

26 

*7M 

4600 

6 

moo 

12 

-4M 

4H7U 

5 

1800 

10 

*»M 

4180 

1 

1800 

6 

•  7N, 

497(1 

42 

1  BOO 

84 

•9M 

1160 

l 

1800 

2 

-HR' 

5215 

28 

1800 

56 

*  I0M 

2705 

0 

1800 

0 

-  12H 

5040 

2fl 

1800 

56 

•IlM. 

1145 

1 

1800 

6 

•  1  IM 

35fi5 

8 

1800 

16 

-I2M 

5090 

70 

669 

>76 

-  I4M 

4825 

9 

1800 

IN 

*  1 3M 

4315 

11 

1760 

22 

-I5M<, 

3400 

8 

1800 

16 

*  (5M 

4915 

3 

72UO 

2 

*  16M 

6065 

10 

121) 

10 

■■  16R 

4265 

2 

7200 

l 

-  IHM 

4600 

17 

1755 

>5 

*  17M 

4860 

20 

1800 

40 

-  19M 

4690 

U 

1762 

27 

•  1AM 

4585 

1 

1800 

2 

1645 

13 

1800 

26 

•  19M 

1225 

1 

1800 

6 

’2im  : 

5223 

15 

144 

3H0 

•20  SL 

4260 

6 

1800 

12 

-22M 

3240 

8 

321 

90 

-22R 

3065 

17 

200 

106 

-2JM 

4595 

20 

7200 

10 

-25M 

1160 

1 

1800 

2 

•  24M 

4410 

12 

21600 

2 

•  26M 

11 15 

1 

1800 

2 

-25R 

4555 

14 

7200 

7 

-27R 

2875 

1 

1800 

2 

•26R 

4420 

11 

18951 

2 

-2BR 

3620 

1 

1810 

2 

-27M 

5075 

8 

1710 

17 

-29MS 

1160 

1 

(800 

2 

-28M 

4735 

12 

•662 

77 

-30M5 

2540 

0 

1800 

0 

•  30R 

4995 

10 

1241 

29 

-  hr 

2710 

1 

1800 

i 

-34MM 

1645 

12 

1800 

24 

-  14R 

4265 

0 

1800 

0 

-15M1I 

3500 

R 

1800 

lb 

*  37RI1 

3239 

0 

1800 

0 

-J8M 

3)80 

5 

1800 

10 

♦  Me  It  mg  ur 

urretl,  depletion  It 

earnin' men!  unlikely  lo  he 

dependable , 

*3964 

4280 

11 

1800 

22 

* 

-40R 

4475 

10 

1800 

20 

-41R 

4650 

6 

(800 

12 

-42  MS 

2560 

0 

1800 

0 

-41  MS 

2595 

0 

1800 

0 

-44RS 

4215 

6 

1800 

12 

-45RS 

4650 

7 

l  BOO 

14 

+  Melting  occurred,  depletion  mraiuretnent  unlikely  to  be  dependable. 
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TABLE  16 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  UJt  KVA(iS-S) 


Assumed 

Surface 

Com  puts* 

Entitle  nc* 

Mach 

Po 

*  D 

«cw 

T 

Udietiou 

Normal 

at  be  0.  63p 

No. 

atm 

BTU  (le} 

BTU 

OR 

BTU 

■bnitUece 

lb  f 

obe 

(t*.«c 

RVAfIV-3 

«  -0.85  (Below  1000“F>,  0.75(3000”.  3500”F),  0.65  (Above  3500  a*) 

-2M 

0.33 

1.07 

3360  0,300 

3W 

3040 

143 

0.47 

-1M 

0.30 

1 .03 

2743  0.300 

340 

4500 

7* 

0,40 

-3M 

O.lf 

1.10 

4433  0.300 

030 

41*0 

... 

.... 

-4U 

0.49 

1.  15 

4220  0,300 

IM0 

4230 

291 

0.40 

-7U 

0.43 

i.12 

4223  0.300 

110 

5*30 

242 

0.44. 

-1R* 

3.20 

0.167 

12230  0,414  11)6 

3145 

1 47* 

0.49* 

-2R4 

3,20 

0.029 

9560  0,417 

241 

4110 

«• 

0.41* 

-1*1 

3.20 

0.019  15400  0,497 

4*7 

4*45 

120* 

0.41* 

-4R+ 

3.20 

0.  143 

7440  0.467 

40* 

4443 

100* 

0.44T 

-»*♦ 

3.20 

0.017 

13570  0.466 

324 

4470 

u 

0. 14* 

-4R+ 

3.20 

0.016  14000  0,467 

31? 

4570 

*•! 

0.47* 

-7R+ 

1.20 

0.295 

10930  0.466 

979 

3*90 

147* 

0.11* 

-im° 

0.15 

1.06 

4403  0.300 

370 

... 

-*u° 

0.36 

1.06 

3945  0.300 

730 

.... 

... 

.... 

-1IM 

0.11 

1.04 

3740  0.741 

433 

4173 

Ill 

0.63 

-12M 

0.32 

1.07 

4900  0,741 

329 

4630 

140 

0.74 

-1 1M 

0.34 

1.07 

7010  0.741 

440 

4993 

164 

0.44 

-14R* 

3,1 

0,012 

10930  0,741 

241 

4010 

92 

0.76 

3,2 

0.024  10930  0.741 

435 

4300 

159 

0.12 

-16R* 

3.2 

0.211 

10060  0.7  39 

979 

3655 

454 

0.92 

-21M 

0.10 

1.00 

2690  0,502 

167 

3725 

59 

0.64 

-24M 

0.13 

1.00 

3310  0.502 

230 

4105 

89 

0.67 

-25M 

0.15 

1.00 

2090  0,303 

126 

3420 

41 

0.64 

-26M 

0.15 

1.00 

1770  0.503 

73 

3035 

27 

0.68 

-Z7M. 

0.15 

1.00 

1340  0.502 

91 

2995 

27 

0.71 

-2IR+ 

3.2 

0.005 

3260  0,503 

34 

2165 

3 

0.29 

-29RT 

3.2 

0.001 

11590  0,504 

117 

27*0 

20 

0.71 

-30R+ 

3.2 

0.011 

13950  0.502 

211 

3465 

46 

0.68 

-HM 

0,10 

1.00 

2330  0,  501 

135 

3285 

39 

0.71 

-32M 

0.10 

1.00 

2930  0.502 

135 

.3473 

36 

0.53 

UIU.1 

ttGliHH 

(mile) 


Final 

L«mU* 

ttVchnses 

(mils) 


Cilculikad  TmMnturt 
Ratio  T(CALC)/T{0BS) 

Cold  W*U  Toy  and  Rld4all 
Exposure  Hut  Truatir  Hut  Tnular 

Tima  Coefficient  Coa  file  laid 

(see anas)  ' 


1014/1014 

497/701 

120 

1.06 

1.02 

1011/1012 

•31/637 

120 

1.03 

1.01 

1020/1020 

•22/CM 

5* 

1.03 

1.00 

072/971 

730/793 

33 

1.04 

0,99 

1007/1007 

769/76) 

44 

1.04 

1.03 

10,1/1011 

•19/900 

IS 

1.33 

1.27 

1040/1040 

749/741 

400 

3.20 

3.21 

1044/1044 

714/737 

400 

1.20 

1.10 

1044/1044 

467/443 

300 

1.26 

1.21 

000/000 

326/3)3 

900 

1.16 

1.13 

001/001 

4*1/490 

400 

1.15 

1.13 

1044/1044 

•3l/*39 

109 

1,14 

1.14 

001/001 

-•-/ 695 

109 

.... 

001/001 

973/9*2 

4 

.... 

.... 

012/010 

709/70* 

120 

1,17 

1.12 

044/040 

696/4*8 

120 

1. 19 

1.15 

411/410 

42*/ 6)0 

M0 

1.19 

1.20 

1241/042 

•  40/370 

1200 

1.24 

1.14 

1242/010 

U41/543 

900 

1,30 

1.11 

1211/920 

797/490 

300 

1.17 

1,07 

6,1/470 

522/521 

190 

1.12 

1. 12 

4,1/4, 0 

569/561 

120 

1.14 

1.14 

6,4/47, 

596/584 

190 

1,06 

1.  )3 

674/670 

572/573 

361 

1.05 

1. 19 

660/661 

554/5)4 

300 

1.05 

1,09 

1000/701 

971/449 

1*00 

1,40 

1.60 

1001/676 

852/321 

1900 

1.50 

1.63 

1002/660 

708/387 

1200 

1.41 

1.44 

670/IOM* 

SM/49 

240 

1.13 

1.16 

671/4444* 

599/366 

160 

1.13 

1,20 

•*  Noaa  to  in-depth  temperature  measurement  elation 


+Tran*mleelvlty  factor  squats  0,64  for  pyre*  window, 

•Surface  radiation  v*lua a  may  be  low  duo  to  requirements  for  critical 
alignment  cauaad  by  UlHaatUa  of  ons-hadf  Inch  dlamalar  am  nap  la. 
oTaat  terminated  before  temperature  and  surface  radiation  could  be 
measured, 


•  Final  Length  le  baaed  on  maaaurement  prior  to  eactlonlag)  thickneaa 
refer*  to  length  after  sectioning. 


Material 

T 

Gross 

Met*  rial 

Degradation 

Exposure 

Sample  No, 

°r 

Recession 

Recession 

Mod* 

Tim* 

mui  mile  — — — .  “Vecenda’ 


RVA  (B-9) 


-2M 

4360 

329 

313 

Onldatlon 

120 

-JM 

4040 

Ml 

111 

Oxidation 

120 

-5M 

3710 

204 

196 

Oxidation 

31 

-AM 

3790 

242 

229 

Oxide  lice 

33 

-7M 

3)70 

216 

224 

Oxidation 

46 

-IR 

4703 

144 

13) 

Oxidation 

15 

-2R 

3430 

300 

30* 

Oxidation 

40* 

-3R 

4405 

346 

327 

Oxidation' 

400 

-46 

420* 

337 

379 

Oxidation 

300 

.36 

4010 

471 

446 

Oxidation 

900 

•  66 

4110 

302 

301 

Oxidation 

600 

-7R 

3430  . 

19) 

203 

Oxidation 

10* 

-1M 

(4290r 

... 

296 

Oxidation 

106 

-4M 

(47401® 

!*♦ 

1 

Oxidation 

9 

-1134 

3915 

223 

222 

Oxidation 

U0 

-12M 

4170 

232 

232 

Oxidation 

120 

-13M 

4375 

301 

300 

Oxidation 

120 

-14R 

3350 

4*3 

372 

Oxidation 

1200 

-ISA 

4040 

421 

316 

Oxidation 

900 

-16R 

5393 

434 

439 

Oxidation 

300 

-23M 

3265 

161 

158 

Oxidation 

190 

-24M 

3445 

115 

119 

Oxidation 

120 

-  25M 

2940 

99 

94 

Oxidation 

ISO 

-26M 

2573 

102 

97 

Oxidation 

361 

-27M 

25)5 

111 

129 

Oxidation 

300 

-Z6R 

1703 

29 

12 

Oxidation 

laoo 

-29R 

2320 

149 

155 

Oxidation 

isoo 

-  J0R 

3005 

294 

29) 

Oxidation 

1200 

-31M 

2825 

136 

129 

Otidation 

240 

-32M 

3015 

73 

76 

Oxidation 

iso 

Recession 

Rato* 

tmrtwvni 


2.43/47)4 
1>  43/2134 
3. 41/4134 
4.14/74SS 

3, 14/4102 


I ,10/1240 
0,31/914 
0.  M/990 
1. 26/224* 
0,32/916 


0,30/900 
1,90  /  3420 
2,76/4940 
1,00/1100 
1,13/3130 
2, 10/1700 
2. 30/ 4300 
0.31/330 
0.41/792 
1.44/2610 
0 .96/I3BO 
0.99/1783 
0.52/940 
0.27/491 
0,43/774 
0.  016/12 
0.004/155 
0,24/440 
0  .  54/969 
0.42/760 


Date  rlatlon  at  Motion  Picture  film  Coverage 


uniform  heating,  rapid  alda  receaelon 
uniform  heating,  rapid  aide  recreate* 
uniform  heating,  rapid  front  and  aide  reception 
uniform  heating,  rapid  front  and  aide  receiitea, 
soma  vibration 

uniform  heating,  rapid  front  and  aide  ructaaion, 
■mi  vibration 

uniform  banting  and  receaelon,  rounding  of  edge  a 

uniform  heating  and  recession 
uniform  heating,  eomi  aid*  recce  a  ion 
uniform  heating,  aome  aid#  race*  a  lea,  rapid  aide 
recession 

uniform  heating,  aome  aide  receaelon 
uniform  heating  end  receaaion,  rounding  of  «dg*a 
terminated  due  to  rapid  ablation,  sample  blown  iway 
terminated  due  to  rapid  ablation,  sample  blown  away 
uniform  receaelon,  alight  surface  activity 
uniform  raceeeion,  alight  aurface  activity 
uniform  recession,  alight  aurface  activity 


Uniform  recession  , 

Rough,  speckled  aurface,  uniform  heating. 

Rough,  speckled  surface,  uniform  heating. 

Rough,  speckled  surface,  uniform  heating, 

Speckled  face,  little  visible, 

Rough,  speckled  surface,  uniform  heating, 

Little  visible. 

Rough,  speckled  surface,  uniform  healing  .gradual  recession. 
Rough  surface,  uniform  hewing,  gradual  receaelon, 

Little  visible. 

Speckled  heating, 


*Gvoss  raceeeion  La  overestimated  because  ef  chipping  or  eroeien  of  bach  *R*c* salon  ret*  converted  to  lo  minutoe  on  linear  beets, 
face. 

°Tetn  per  stores  estimated  based  on  Cold  Wall  Mast  Transfer  Coefficient 
Calculation  at  331 0°R  end  60SO°R  corrected  by  mean  ratio  T(CALC)/T(OB*| 
ai  1,16  to  4730°R  and  3200*11  or  4290°T  and  4740«r, 
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TABLE  17 


i 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  PG(B-6) 


Material 
Sample  No. 
Aaaumed 
Emittance 
MX  ■  0.65p 


*>.  'N 

c  ,  Surface  Computed 

Mach  i  •  D  T  Radiation  Normal 

No.  Atm  BTU  (in)  BTU  °R  BTU  Emittance 

lb  l7i«C  oba  It  ate 


Initial  PiAAl 

Unrth  Lanatb 

tflctaMi  iKIcPSTa 

(mill}  (milt) 


Eapoiun 

Tima 

(aaconda) 


Calculated  Temperature 
kAtlo  T(CA1X)/T(0BB) 
Cold  WaU  r*y  And  Rlddall 
Ha  At  Tranafar  Haat  TnuUi 
Coefficient  Coalftclant 


"CH  Aula  Perpendicular  to  Arc 


PG  (B-6) 
i  a  0,75 


0,11 

1 . 04  2970 

0.4*7 

390 

4320 

73 

0.44 

-214 

0.11 

1.07  3955 

0, 4(9 

540 

5150 

139 

0.42 

-3M 

0.15 

1,0ft  4510 

0. 4(9 

670 

4990 

131 

0.44 

D« laminated  on  "C" 

plana  after  Taat 

-4M 

0.  is 

1.09  4445 

0.414 

110 

4990 

166 

0.56 

-SM 

0.10 

1.10  4750 

0.4*7 

9*0 

5640 

20ft 

0.41 

-6M 

0.v6 

1,14  5710 

0. 48ft 

940 

5490 

151 

0.35 

-7M 

0.11 

1.09  7320 

0,414 

*70 

5490 

141 

0.34 

r>« laminated  on  "C" 

Plana  attar  Taat 

"1Rt 

3.2 

0,020  15440 

0. 4ft7 

504 

4565 

0.42* 

-2R* 

3.2 

0.015  14710 

0.4*9 

330 

4175 

45* 

0, 45" 

-1R+ 

1.2 

0.299  14310 

0. 4 ft*  1216 

a— 

— ■> 

Delaminated  on  "G" 

Plana 

-4R* 

9.2 

0.1*7  1440 

0,415 

•52 

5110 

0.23; 

-4r* 

1.2 

0.017  13500 

0,  4ftft 

32* 

4140 

57* 

0.40 

-7R* 

1.2 

0.1*7  ftft60 

0,  4ftft  100ft 

.... 

— 

•  ■■■ 

Da  laminated  On  "C" 

Plana 

«  a  0,45 

"C"  A>1.  P.r.U.l  to  Ak 

-*M 

0.33 

1.0!  3125 

0,4*4 

550 

5*00 

173 

0,32 

-9M 

0.21 

1.05  2255 

0,4(4 

290 

4640 

79 

0.34 

-10M 

0,35 

1.0ft  4355 

0.4(4 

490 

4220 

22( 

0.32 

-11M 

0.42 

1.11  5925 

0.4*4  1170 

7150 

464 

0.37 

-I2M 

0.11 

1,07  2705 

0,030  13900 

0.4(4 

530 

57(0 

151 

0  2* 

-•R* 

3.2 

0.4(4 

521 

5555 

231 

0,56 

-9R* 

3.2 

0.1*9  7190 

0,4(4 

144 

5(50 

24* 

0.53 

-iORt 

3.1 

0.20ft  9750 

0,4(7  1013 

6135 

342 

0.56 

-II R+ 

1.2 

0.22B  11110 

0.4(7  123* 

44(0 

431 

0.57 

-HR* 

3.2 

0.053  (230 

0.4*7 

451 

4(40 

>43 

0.5* 

+T ranaminivlty  factor  equate  0,16  lor  aftpphire  window. 


1160/1160 

1000/1000 

120 

1.11 

1.0* 

1154/1154 

*4) /**2 

120 

1.04 

1.01 

999/999 

(65/156 

61 

1.14 

1.10 

906/906 

100/796 

44 

1.24 

1.24 

904/904 

71*/70ft 

40 

1.14 

1. 10 

(51/953 

665/612 

53 

1.14 

1.09 

9(0/ 9(0 

797/102 

42 

1.16 

1.16 

1090/1090 

696/704 

900 

1.29 

1.19 

1091/1091 

4*1/527 

1200 

1.27 

1.24 

107*/ 107* 

—  .a/ 1069 

— — 

.... 

*■•■ 

1094/10*4 

639/42* 

300 

1.25 

1.16 

lm/nii 

*1 1/114 

400 

1.2* 

1.24 

mi/im 

.—./ 1094 

— - 

a— 

617/456 

102/210 

120 

0.94 

0,91 

422/465 

545/1*7 

97 

0.95 

0.93 

547/390 

342/227 

72 

0.94 

0.B9 

5*1/421 

271/20* 

66 

0.94 

0,17 

513/375 

339/204 

95 

0.(* 

0,*1 

619/440 

462/316 

10O 

1.13 

1.06 

554/395 

324/16* 

150 

1.11 

1.02 

5M/427 

300/154 

210 

1.16 

1.01 

626/444 

219/11* 

210 

1.16 

1,0( 

547/357 

231/97 

400 

1.21 

1.12 

*  Pinal  length  la  baaad  on  maaauremant  prior  to  *eotlonlx|,thlckn«»r 
iiian  to  length  altar  aactlonina, 


*  Surf  ac  a  radiation  value*  may  ba  low  due  to  requirement#  lor  critical 
alignment  cauaad  by  ullUaation  of  one-half  Inch  diameter  temple, 


T 

Oroaa 

Material 

Dagradatlon 

Expoaure 

Racaaalon 

Sample  No, 

Racaaalon 

Racaaalon 

Mode 

Tima 

■VU-lIwH 

mil  a 

mil* 

lacuna* 

■CUiraciiCl 

HQ  (B-6) 

•  1M 

3*60 

160 

160 

Oxidation 

120 

1,33/2594 

2,27/4056 

-2M 

4690 

293* 

272 

Oxidation 

120 

-314 

4530 

134 

Ml 

Ox  Id  4  Th.  Shock 

61 

2,34/4212 

45)0 

106 

110 

Oxidation 

44 

1.50/4500 

5200 

1*6 

196 

Oxidation 

60 

1,27/55,4 

-6M 

5030 

18* 

Ml 

Oxidation 

53 

3.41/6138 

5030 

1*3 

171 

Ox  id  ♦  Th,  Shock 

62 

2.57/5165 

-1R 

410b 

394 

1(6 

Oxidation 

900 

0,45/774 

-2K 

1715 

no* 

564 

Oxidation 

uoo 

0.41/546 

•  •• 

... 

Th,  Shock 

.... 

- - /  — 

4650 

445 

456 

Oxidation 

300 

1.52/2736 

-4R 

14*0 

,00* 

277 

Oxidation 

400 

0.46/126 

-7R 

PG  (13*6} 

"C"  PUna 

— — 

... 

Th.  Shock 

•••* 

«../ - 

5340 

315+ 

226 

Oxidation 

120 

1. 11/3554 

4U0 

77 

78 

Oxidation 

97 

0.80/1440 

-10M 

5760 

205a 

163 

Ox  idatlon 

72 

2.26/4065 

•  I1M 

6490 

10,* 

211 

Oxidation 

66 

3.23/5*14 

5320 

194* 

171 

Oxidation 

95 

1.80/3240 

5095 

157* 

144 

Oxidation 

100 

0,48/164 

-9R 

5390 

230 

227 

Oxidation 

150 

1. 51/2715 

5675 

2*8 

271 

Oxidation 

210 

1,  30/2340 

•  UR 

W20 

J47 

326 

Oxidation 

210 

1.51/2794 

-UR 

4400 

316 

2*0 

Oxidation 

600 

0.48/810 

Pa  acr  lotion  of  Motion  Picture  film  C  ova  rag  a 


uniform  heat-up,  alda  racaaalon  obaarvad 

haat. up  from  aide*  to  cantar  parallel  to  "A"  aala,  alda 

racaaalon  obaarvad,  aampU  moved  during  taat 

haat- up  par allal  to  "A"  tale,  alda  racaaalon,  acme  aampia 

vibration 

haat. up  pArallAlto"A"  ania,  aid#  racaaalon,  aom*  aampia  vibration 
hfat-upparalleUe"A"  axU,  alda  racaaalon,  aoma  aampia  vibration 
heat-up  parallel  to  "A"  axle,  ■  Ida  racaaalon,  aoma  aampia 
vibration,  indication  of  aurlaca  ranctlon  nonunUormlty 

haat- up  parnllal  to  "A"  axle,  uniform  racaaalon,  indication 
of  liquid  on  top  alda 

haat  .up  parnllal  to  "A"  axis,  uniform  racaaalon 
hait-up  parnllal  to  "A"  ania,  fracture  almoat  Lmmadiala 
haat- up  parnllal  to  "A"  ania,  uniform  racaaalon 
haat-up  parnllal  to  "A"  ania,  luakroua  a urf non,  uniform 
racaaalon 

haat-up  parallai  to  “A"  ania,  tharmal  ihock  altar  25  mil 
aactor  had  haatad  up 


uniform  heating,  hourglaaa  oxidation 

uniform  heating,  hourglaaa  oxidation 

uniform  haating,  hourglaaa  oxidation 

uniform  haating,  hourglaaa  oxidation,  aurfaco  activity 

uniform  banting,  hourglaaa  oxidation,  aurfaca  activity 

uniform  racaaalon 

haatad  fromodgaa  to  cantar,  no  alda  haating,  uniform 
racaaalon 

uniform  racaaalon,  llttla  alda  haating 
uniform  racaaalon,  Llttla  alda  haating 
gradual  alda  hapt-up,  hourglaaa  racaaalon 


'c,rua*  racaaalon  la  ovaraatimatad  bacauaa  of  chipping  Dr  araaion  of  Recetaion  rata  converted  to  10  minutaa  on  linear  baaia. 

back  face. 
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TABLE  18 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  BPG(B-7) 


Material 
Sample  No. 
Assumed 
Emittance 


BPU  (B*7) 
*  «  0.75 


«r 

p  I  u  Surface 

Mach  *  «  D  **cw  T  Radiation 

NP.  ftm  BTV  linl  JiXy  BTU 

lb  ft2iec  oba  ft2sec 

"C"  Am#  Perpendicular  to  Arc 


Computed 

Normal 

t"'l.l14H4l 


thickness 

(mile) 


Final  * 
La  path 
th  Witness 
(mile) 


Calculated  Temperature 
Ratio  T(CALC>/T<OBS) 
Cold  WaU  Fay  and  Riddell 
Heal  Transfer  Heat  Tranefer 


'*(?'  Axle  Perpendicular  ao  Arc 


*  1M 

0.  30 

1.04  2934 

0.487 

370 

4010 

46 

0.  37 

a?t/i76 

746/796 

120 

1, 19 

1.  16 

-2M 

0.  31 

1.07  3965 

0.486 

330 

3040 

96 

0.  32 

S2I/S2I 

494/482 

119 

1, 06 

1,0) 

•IM 

0.  36 

I. OS  4743 

0.483 

330 

3120 

129 

0.  39 

m/«n 

594/599 

90 

1.06 

1. 01 

Delaminated  on  "C" 

Plane  alter  Test 

-4M 

0.36 

1.08  6300 

0.483 

760 

5400 

165 

0.41 

799/7,9 

367/575 

75 

1, 13 

1.  14 

Incipient  Delamination  on  1 

C"  Plane 

•1R+ 

3,  Z 

0. 192  8170 

0.483 

7  36 

4940 

102* 

0.  16 

,74/174 

482/508 

300 

1.23 

1.  20 

Delaminated  on  "C" 

Plane  alter 

Test 

•2R 

3,  2 

0.  187  8600 

0.487 

8S2 

3263 

... 

11, /Ml 

616/787 

57 

1.2) 

1.  1) 

Delaminated  on  "C" 

Plane  after  4  Seconds 

•4R* 

3.2 

0.020  13200 

0.487 

478 

4910 

109* 

0.39* 

,49/849 

3)7/539 

600 

I.  18 

t.  10 

-*P  + 

3.  2 

0.022  14700 

0.487 

301 

4920 

109* 

0. 39* 

,71/971 

---/)20 

900 

1. 19 

1.  10 

-6R+ 

3.2 

0.017  13890 

0.486 

321 

42Y0 

53* 

0.  35* 

7,4/781 

521/547 

600 

1.23 

1. 21 

*  ■  0.  65 

"O'  Axis  Parallel  to  Arc 

"C 

Axle  Parallel  to  Arc 

-5M 

0.33 

1.07  3340 

0.486 

300 

5690 

161 

0.  32 

901/142 

329/197 

82 

0.9) 

0,  90 

-6M 

0,  28 

1.03  2230 

0.482 

310 

4695 

75 

0.32 

400/149 

392/239 

120 

0. 95 

0.  92 

-7M 

0,34 

1.06  4814 

0.482 

710 

6)00 

226 

0.  31 

494/119 

273/170 

70 

0.94 

0,  91 

-8M 

0.  38 

1.09  4744 

0.482 

910 

6403 

3)1 

0.41 

419/144 

229/147 

64 

1.00 

0,  98 

-9M 

0.32 

1.06  3214 

0.482 

480 

3610 

164 

0.33 

106/141 

307/173 

% 

0  92 

0,  81 

3.2 

0.0)0  12000 

0.486 

441 

5)80 

2)0 

0.36 

454/272 

27  W 18) 

300 

1.12 

1.01 

*9R+ 

3.2 

0.J19  7230 

0.486 

6)6 

5)10 

210 

0.48 

100/147 

)5)/l95 

150 

1,14 

1,09 

-10R+ 

3,  2 

0,  131  7260 

0.484 

781 

5365 

222 

0.49 

101/147 

359/206 

120 

1,17 

1 . 06 

•UR* 

3.  2 

0.  208  9960 

0. 487 

960 

6290 

368 

0.33 

411/272 

239/106 

120 

1.12 

1 , 06 

-12R+ 

3.2 

0.014  12340 

0.486 

JT1 

5010 

176 

0.60 

11,/ 149 

297/139 

900 

1.14 

1.0) 

Transmissivity  factor  equal#  0.  86  lor  pyre*  window, 

Surface  radiation  value#  may  be  low  due  to  requirement*  for  critical 
alignment  ceuaed  by  utilisation  of  one -half  inch  diameter  (ample, 


*Fir»al  length  W  baaed  on  measurement  prior  to  sectioning)  thickness 
refer*  to  length  after  eectloning, 


Material 
Sample  No. 


Oroi# 

Receielon 


Material 

Receeeion 


Degradation  Exposure 
Mode  Time 

second# 


Receeeion 

Rate* 

7#*cT  [JO  mi 


A  Plane 
•1M 

5550 

ISO 

130 

Oxidation 

120 

1.01/1994 

-2M 

4560 

334 

346 

Oxidation 

119 

2.9I/S2), 

-3M 

4660 

243 

240 

Oxld  ♦  Th,  Shock 

90 

2. .7/9806 

-4M 

4940 

232 

224 

Oxld  ♦  Th,  Shock 

75 

2,99/5112 

-1R 

4480 

392* 

366 

Oxld  4  Th,  Shock 

300 

1.22/219, 

-2R 

4603 

72 

101 

Oxld  ♦  Th.  Shock 

17 

1.77/31,6 

-4R 

4450 

311 

309 

Oxidation 

600 

umt 

•SR 

4460 

... 

55) 

Oxidation 

900 

-6R 

3610 

264* 

238 

Oxidation 

600 

0.40/720 

BPO  (B-7) 
HCM  Plane 
-5M 

9230 

1  72* 

143 

Oxidation 

02 

1,77/3186 

■  6M 

4233 

108 

111 

Oxidation 

120 

0.92/1656 

-7M 

5640 

220* 

169 

Oxidation 

70 

2.41/4338 

-8M 

5945 

260* 

197 

Oxidation 

64 

3.09/5562 

-9M 

3150 

199+ 

168 

Oxidation 

96 

1.75/3150 

-8R 

4920 

185+ 

151 

Oxidation 

)00 

0.50/900 

-4R 

5030 

147 

152 

Oxidation 

150 

1.01/1818 

-10R 

5105 

144 

141 

Oxidation 

WO 

1.18/2124 

-11R 

5830 

172 

168 

Oxidation 

WO 

1.40/2920 

-12R 

4620 

221 

186 

Oxidation 

900 

0.21/372 

Description  of  Motion  Picture  TUm  Cwe-age 


heat-up  from  aide*  to  canter  parallel  to  “A"  axil,  aide 
receeeion  observed 

heat-up  from  aides  to  center,  side  receealon 
heat-up  front  aide*  to  canter,  aide  rtcesslo* 
heat-up  from  aides  to  center,  aide  receeeion 
heat-up  parallel  to  "A"  axle,  uniform  receielon 
delaminated  after  40. mil  lector  heated  up 
heat-up  parallel  to  "A"  axle,  uniform  recaaelen 
heat-up  parallel  to  "A"  axle,  uniform  recession,  some 
surface  activity  on  front  face 

heat-up  perMlel  to  "A"  axle,  uniform  receselotvbandi 
noted  on  front  (ace 


uniform  heating,  hourglass  oxidation 
no  film  coverage 

uniform  heating,  hourglaie  oxidation,  speckled  surface 

unLform  heating,  hourglass  oxidation,  speckled  surface 

no  film  coverage 

uniform  heating,  recession 

little  activity,  uniform  recaaelen 

little  activity,  uniform  receeeion 

uniform  heating,  receeeion 

uniform  heating,  receeeion 


*Oroae  receielon  ie  overestimated  because  of  chipping  or  erosion  at 
back  face, 


Recession  rate  converted  to  IQ  minutes  on  linear  baela, 
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TABLE  19 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  Si/RVC(B-8) 


I 


{ 

! 


I 


i 

\ 

i 

i 

r 

t 


Material 
Sample  No. 

% 

‘n 

Aliumrd 

p 

Surface 

Computed 

Eminence 

Mach 

« 

*e 

D 

q,:w 

T 

Radiation 

Nov  mal 

at  1  »  (J.bv 

No. 

atm 

BTU 

(in) 

BTU 

°R 

BTU 

Emit  tarn  i’ 

lb 

ob» 

Sl/RVC(U-8) 

4  >  0.70 

-IM 

0.16 

I.0S 

4670 

0.  503 

720 

6180 

292* 

0.42 

*  2M 

0.33 

1.07 

4230 

0.502 

615 

5840 

257* 

0.  47 

>  JM 

0.12 

1.07 

1790 

0,  505 

55S 

4750 

280 

0.  44 

-4M 

0,31 

1.06 

3270 

O.SOS 

475 

4210 

10(T 

0.6b 

-  4M  A 

0.31 

1.06 

3720 

0.  SOI 

470 

4250 

94° 

0.62 

Alter  7  IS  tecnmli 

le rniu’r aturr  and  radi.Uiun  *1 

initril  to  -  SMB 

•  SMB 

0.31 

1.06 

1720 

0.  50J 

470 

5170 

148* 

0.  38 

-6MA 

o.  n 

1.06 

1910 

0,  501 

510 

4150 

90* 

0.64 

Alter  90  •ccond*. 

temperature  and  radiation  chaniti’d  to  -6MB 

0.12 

l  1 06 

1910 

0.503 

510 

5510 

220* 

0.51 

3.2 

0.013 

88S0 

0. 502 

210 

3200 

51 

1.08 

•  BR* 

3.2 

0.021 

9390 

0.502 

415 

4800 

174 

0.70 

•  9R* 

3.2 

0.026 

10090 

0.  505 

590 

5220 

217 

0.62 

-10R4 

1.2 

0.018 

8850 

0.501 

110 

4450 

125 

U.hH 

*  l  IP  4 

1.2 

0.  1  3H 

10170 

0.501 

693 

5250 

274 

0.77 

.  12R  + 

3,2 

0.21  J 

10S60 

0. 502 

968 

6030 

52b 

0.84 

-UMA 

0.  AS 

1.07 

1260 

0.S07 

444 

4215 

82 

0.44 

•  l  JMH 

0.  IS 

1.07 

1260 

0.507 

445 

4235 

128 

0.  lb 

•  MM 

0.10 

1.01 

5480 

0.  501 

480 

4440 

196 

0.44 

•  ISM  A 

0,20 

1.01 

3120 

0,  503 

295 

1634 

57 

O.h'i 

-mm 

0.20 

1.03 

3120 

0,  40  J 

294 

Js  10 

44 

0.62 

•  16M 

0.  17 

1.02 

2520 

0.  404 

220 

3200 

14 

0,  19 

-  17M 

0,  JH 

1.07 

2  Oi'iO 

0.  503 

397 

12 

40 

0,60 

-  IBM 

0,20 

1.(14 

31*10 

0.  41)5 

362 

347n 

49 

0.77 

•  I1MA 

0.  IK 

1.02 

HbO 

0. 504 

124 

37  30 

71 

0 . 78 

-  I'lMh 

0,  18 

1.02 

3160 

0,  MU 

321 

3174 

44 

0.74 

•  21111  ♦ 

2.2 

II,  10  i 

♦.2  41 

0,  Mill 

227 

1074 

2X 

0.67 

•2lK  + 

2.2 

o.  109 

6  100 

0 ,  406 

262 

3045 

28 

0,68 

*  Siirlrt**-  i-.Kliiti.mi 

.ilm-H 

mlithi  h>  to  i* 

rrur  until-  neve re  unit' 

T’JMtm 

*  itui. i'i(  »i  hiktniii.  .nit  uhiin it r  iii  »jh**  iini’ii  dinnti’ti  r . 

+  t  r-uiMiiibhiui)  liuhtr  cqti.il  n  0.8b  in p  Mi|i|>inrr  wind*,* , 


Calculated  Temperature 

Ratio  T(CALC)/T(OBS) 

Cold  Wall 

Fay  and  Riddell 

Initial 

Final 

Expo a u re 

Heat  Tr«w*(- 

Heat  Tranafer 

Length 

TKlcirnTTk 

Length* 

time 

CoefUclcnt 

Coefficient 

Thi 

fTcvoniii) 

tmila) 

(mil*) 

714/in 

494/589 

73 

0.95 

0.90 

69b/691 

522/517 

77 

0.% 

Q.  92 

715/710 

541/511 

74 

0.94 

0.90 

731/7)7 

729/727 

240 

1.21 

1.  16 

724/729 

---/--- 

1.23 

1.20 

---/--- 

5 D 9/5 28 

78*3 

0.77 

0.95 

692/691 

.../... 

... 

1.29 

l.  26 

500/420 

hi 

0.97 

0.95 

I0.ll/7J5 

1030/714 

1800 

1.51 

1.4.3 

1041/7,0 

T0I/4HH 

400 

1  .18 

1.0) 

10,4/725 

768/451 

400 

1.17 

0.98 

1031/684 

747/301 

7  40 

1.19 

1.07 

10J2/720 

760/435 

200 

1.21 

1.20 

1027/717 

67  9/lbO 

160 

1  .  16 

1,11 

725/72, 

6  80 

1.20 

l  .  17 

---/-- 

J62/U, 

124 

0.97 

0.94 

707/708 

704/705 

142/134 

I'M. 

l .  i»0 

0.91 

10 

1.28 

1.28 

701/701 

I77- 

l.  32 

1.  .32 

701/762 

754/75 1 

!  8"" 

l.  1» 

l.  33 

721/72') 

448/149 

1  0) 

1.14 

1.12 

72 1/72B 

725/71  H 

l  801) 

1.  3»> 

l.  35 

716/71, 

•  ••/-• 

100 

l.<« 

1.24 

715/704 

1709 

1 .  37 

1.33 

11)54/7,0 

1054/728 

1  HUH 

l  .till 

1.71 

102  /696 

I024/6K4 

t  Kl*0 

1.06 

1.73 
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74 
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2 

12 

Sit  Ci  N  1*1.1 1 .  •  .*« 

2  10 

- .’90 
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•  -  -  -  /24  * 

■4MI3 

1910 
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191 
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40 
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3690 
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90 

....  Jtln* 
•--/■•■* 
2.  4*1  ’’-ts  |  4 

•6MB 

41140 
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IM 

|tV(  Oxi d-. linn 
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l 

21 
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261 
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400 

...  . /94*) 
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27.! 
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RV<.  Om'I  it  mn 
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1.  18/2564 

■  1  2  It 

4470 
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340 

|tV<  Oxidai  mn 

160 

2.  1  i/39  38 

•  1  IMA 

3  7  4r 

Si'  Ox'da'inii 

fado 

•  1  3M  (3 

17  74 

36  3 

3HH 

KVC  Om*1.i linn 

121 

1.  06/4M6 

•  MM 

■  080 

364 

37  3 

H VC  OmiI.iu.iii 

196 

1, «5/,,5i 

•  l  SK.A 

3174 

Sit  (  xidaiinn 

30 
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■  I  4MI3 

3070 

0 

1 
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1771) 

■■■■/* 
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•SiC  Oxnl.ii  mn 
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- /K 

•  17M 

3  774 

26  3 

380 

JtVt  Omi1.ii  mn 

410 

0.70/126) 

■  1  KM 
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■  2 

10 
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1801) 
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•  1 9M  A 
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•  1  9MB 
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ABLE  20 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  PTO  178(B-9) 


Material 
Sample  No. 

«, 

*  N 

Assumed 

. 

Surface 

Computed 

EmittAnce 

Mach 

e 

‘a 

O 

sc* 

T 

Radiation 

Normal 

Initial 

FlftAl 

Exposure 

it  1  *0.  Its 

No, 

atm 

DTU 

UsL 

BTU 

BTU 

Emilia  nc* 

Length 
thlckne  cs 
(mils) 

Length* 

UilcJtneaa 

(mils) 

Time 

PTO J 74  (B-9] 
•  >  0,75 

lb 

ft^Tec 

ob* 

ftJ.#c 

(seconds) 

0.21 

1.05 

1665 

0.495 

aso 

5375 

193* 

0.49 

1043/1084 

786/799 

43 

-2M 

0.24 

1,03 

2245 

0.495 

215 

4650 

0,4) 

1094/1104 

832/429 

100 

-SM 

0.24 

1.05 

3960 

0.495 

570 

5410 

211* 

0. 52 

1100/1104 

144/408 

67 

-4M 

0.  SI 

1.04 

4770 

0.495 

7»0 

6210 

260* 

0,36 

1049/1091 

817/419 

54 

-5M 

0.31 

1.07 

5590 

0.495 

940 

6445 

173* 

0,46 

1074/1010 

799/401 

54 

-6R* 

3.2 

0.011 

12190 

0.495 

271 

4230 

13) 

0.47 

1)77/1013 

909/607 

1000 

-7R* 

3.2 

0.023  10t00 

0.495 

443 

4640 

197 

0.47 

1490/ 1)19 

978/718 

550 

-•R* 

3.2 

9, 02«  12490 

0.495 

990 

5140 

21) 

0,44 

1473/1127 

925/67? 

500 

-9R* 

3.2 

O.OjO  14050 

0.495 

763 

5500 

364 

0.15 

1  350/1091 

937/675 

400 

-lOR+ 

3.2  0 

.213 

11440 

0.495 

1035 

6355 

625 

0.P1 

1169/1096 

525/260 

190 

Calculated  Temperature 
Ritio  T(CALC}/T(OBS) 
Cold  Wall  Fay  *nd  Riddell 
Heal  i  rentier  Heat  Transfer 
Coefficient  Coefficient 


0.41 

0.70 

0.93 

0.90 

1.00 

0.95 

0.94 

o,  4  r 

0.97 

0.90 

1.23 

1.15 

1.24 

1.10 

1.21 

1.07 

1.22 

1.08 

Ml 

1.06 

Surface  radiation  values  might  be  In  eiror  aince  aavere  side  erosion 
caused  a  significant  change  In  specimen  diameter, 
vaiamlealvlty  factor  equals  0.14  (or  sapphire  window, 


*  Final  length  te  baaed  on  meaeuramuntp-ior  to  sectioning,  thickness 
refer*  tu  length  after  sectioning. 


Material 

T 

Oroee 

Material 

Semple  No, 

°r 

Recession 

“SIR — 

Recession 

mile 

PTO  171  <B.9> 

-1M 

4915 

297 

125 

-2M 

4190 

266 

275 

•  )M 

4910 

236 

m 

•4M 

5420 

272 

276 

•  4M 

6919 

279 

279 

•  6R 

5790 

id 

476 

-7R 

4220 

472 

197 

-4R 

t/20 

541 

430 

■9R 

6040 

411 

416 

-10R 

5495 

440 

136 

Degradation 

Mod* 

Exposure 

Time 

Kaceealon 

K.U* 

Oxidation 

13 

mils  .  mile 

nr  'jfTrnTn 

3.92/7050 

Oxidation 

100 

2.75/4930 

4.42/7990 

Oxidation 

67 

Oxidation 

54 

4.76/1370 

Oxidation 

54 

5.17/9.100 

Oxidation 

1000 

— ■ /H57 

Oxidation 

550 

•  — 71298 

Oxidation 

300 

-  — */ 1 620 

Oxidation 

400 

-  — -/ 1472 

Oxldatl  ' 

190 

4.40/7920 

Deicrlptlon  of  Motion  Picture  Film  Covciaie 


rapid  heat-up  of  entire  specimen,  hourgleee  raceaaloit 

rapid  hourglass  recession 

rapid  huurglaae  recession 

rapid  hourglaae  reeeeelon 

rapid  hourglaas  recession 


rounding  uf  noae,  uniform  recession 


Ksreaalun  rats  converted  to  10  irlautee  on  linear  best*. 
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TABLE  21 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF 
AXF-5Q POCO  (B- 10)  and  GLASSY  CARBON  (B-  11) 


MftWrUL 

gampU  Ho,  qr  *N 

Aiiumtd  pt  „  Surftci  Computed 

EmltUnca  Mach  a  •  D  %w  T  Radiation  Normal 
*1  X  ■  0,65u  No,  atm  BTU  jin)  RTU  BTU  EmltUm 

lb  sbn 


Initial 


riaai 

iiiflh* 

WtcTnoTi  , 


ElpOlUK 

Tima 

(••convoy 


CdcuUltd  Tamporatur* 
Kollo  T(CALC/T(OB,5) 

Cold  Woll  ray  and  RlddaU 
Htit  Tnntlii  Hoot  Tranalav 
Cooff  U  l>"f  Coafflclant 


AXf-W  (B-10) 
POCO  C'aphlta 
«  «  0.  75 


>  l  M 

0.30 

1,06 

3415 

0.391 

400 

4420 

140 

0.55 

-2M 

0.36 

1.04 

6370 

0.301 

625 

6040 

345 

0.95 

•  ltd 

0.33 

1.07 

3110 

0.301 

575 

4400 

210 

0.46 

-4M 

0.  31 

1.09 

9210 

0.301 

140 

6240 

303 

0,42 

-3k 

0.42 

1.  11 

9193 

0.301 

040 

6510 

313 

0.59 

-Md 

0.31 

1.06 

3330 

0.301 

335 

4100 

120 

0.41 

-7R* 

3.2 

0.023 14370 

0.502 

631 

4910 

217 

0,75 

3.2 

0.01312740 

0.300 

344 

4349 

1)2 

0.71 

3.1 

0.03416310 

0.301 

902 

5310 

317. 

0.74 

log* 

3.2 

9.  git  1 0490 

0.502 

1102 

3110 

417 

0.91 

nut 

3.2 

0.220 

11620 

0.501 

1110 

6225 

336 

0.30 

iag: 

3.2 

o.oicj 

IWU 

0.  502 

114 

3070 

31 

0.91 

I3gt 

3.2 

0.006 

I037C 

0.902 

104 

2105 

20 

0.69 

126/131 

629/629 

103 

1.0) 

1.02 

•40/142 

403/604 

76 

0.97 

1.01 

124/150 

610/611 

•  1 

1.00 

1.01 

136/143 

643/644 

61 

0.97 

0.92 

137/141 

471/679 

44 

1.03 

1.05 

136/143 

643/644 

•4 

1.00 

1.0) 

1179/142 

619/403 

too 

1.21 

1.1) 

1170/130 

730/314 

900 

1.21 

1.11 

1143/140 

611/415 

550 

1.29 

1, 12 

1121/136 

573/306 

250 

1.22 

1.15 

1127/136 

403/111 

300 

1.16 

1.09 

1133/134 

730/441 

1300 

1.93 

1.57 

1131/1*3 

933/631 

1100 

1.59 

1.57 

Qloaoy  Carbon(B-U) 
Grada  2000 


•  »  0,33 

•IM 

0.31 

1.06 

36  JO 

0.500 

905 

5430 

193 

0,44 

•  2M 

0.29 

1.05 

3013 

0.300 

440 

5430 

219 

0,53 

-3M 

0.20 

1.03 

3715 

0.300 

360 

5000 

147 

0.  50 

•  4M 

0.16 

1.02 

3300 

0.300 

300 

a 

a 

a 

306/lJS 
St!/,  US 

sai/us 

•4-J 1/132 


421^10 


43 

1.01 

0.9? 

33 

0,93 

0.91 

34 

1.04 

1,04 

+Tranamlaaivtty  factor  aquali  0.16  for  aapphlrx  window, 
•lmmadiata  tharmal  a  hock  fallurt  on  axpoaura  to  jat. 


*  Final  laagth  la  baaod  on  maaauramaitt  prior  to  stctlonlngl  thtcknaaa 
rafara  to  fangth  after  aicllonlng, 


MatarUl 
Rampla  No. 

T 

«>r 

□  roaa 

Racaaaion 

MatarUl 

R«ct«alon 

Degradation 

Moda 

Cxpoaura 

Tima 

Racaaaion 

Rata* 

mlla 

mill 

aaconda 

mlla  ~»1”mlia 
Tac-  'flTmlS 

•«/ 3331 

POCO  Graph  It# 

•  IM  4360 

197 

202 

Oxidation 

103 

•2M 

5510 

233 

231 

Oxidation 

76 

... /563ft 

•IM 

3140 

214 

212 

Oxidation 

•  1 

— s/4710 

-4M 

3100 

193 

199 

Oxidation 

61 

•••/3162 

4M 

6120 

139 

162 

Oxidation 

44 

6626 

-6M 

4340 

191 

1V1 

Oxidation 

•4 

•••/4211 

-7R 

4320 

360 

339 

Oxidation 

•  Oil 

• •• / 101 

•IR 

3900 

440 

444 

Oxidation 

900 

*-/••• 

•»R 

4910 

412 

423 

Oxidation 

360 

— / 1191) 

•10R 

9&S0 

977 

529 

Oxidation 

230 

2.12/3116 

-UR 

9763 

724 

711 

Ablation 

100 

4301 

-12R 

2610 

313 

19) 

Ablation 

1.900 

472 

•13R 

2345 

191 

203 

A  bUtion 

1100 

203 

QUaay  Garbon(li-ll) 
Qrarfa  2000 

•  IM  4990 

... 

Oxidation 

43 

•  IM 

4990 

... 

104 

Oxidation 

33 

3349 

•  SM 

4340 

4 

123 

Oxidation 

34 

4167 

-  4M 

.... 

... 

... 

Th>  Shock 

.... 

Doaerlptlon  of  Motion  Plcturo  fUm  Covaraaa 


uniform  Haatlng,  alight  hourgUaa  racaaaion 

uniform  haating,  hourgUaa  racaaaion 

uniform  haatlng,  alight  hourgUaa  racaaaion 

uniform  haatlng.  hourgUaa  racaaaion,  apacklad  aurfaca 

rapid  haating,  rapid  hourgUaa  racaaaion 

uniform  haating,  hourgUaa  racaaaion,  apacklad  aurfaca 


uniform  racaaaion 

Uniform  haating,  racaaaion, 
Uniform  haatlng,  racaaaion. 
Uniform  haating,  racaaaion. 


HourgUaa  racaaaion)  adgaa  maltad,  than  raar  of 
a  pa  cl  man  maltad,  than  front  fact  maltad. 
HourgUaa  racaaaion, 

HourgUaa  racaaaion, 

Tharmal  ahochad  ImmadUialy. 


cotavarttd  to  >0  mlniataa  on  Unaar  baala, 


1 


> 
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TABLE  22 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  HfC  +  C(C-ll) 


Material 

Sample  No. 

S- 

*  N 

Aeaumed 

p 

_ 

Surface 

Computed 

Emittaacw 

Mach 

a 

‘e 

D 

‘lew 

Radiation 

Normal 

at  K  ■  0.69*1 

No. 

atm 

BTU 

(ini  _ 

BTU 

°R 

BTU 

Emittance 

~nr~ 

z 

it 

ate 

oba 

ft  aec 

HfC  +  C  (C-lll 

■  >  0.60 

•IM 

0.  35 

1.07 

4670 

0,456 

635 

5710 

353 

0.71 

•  2M 

0.  36 

1.08 

5320 

0.456 

715 

5515 

309 

0.71 

■  IM 

0,37 

1,09 

5790 

0.456 

755 

6680 

538 

0.61 

-4M 

0.  36 

l.OI 

5200 

0.456 

755 

6710 

465 

0,  49 

•  5M 

0.  3 J 

l.  07 

3860 

0,  464 

495 

5250 

244 

0,68 

-7R 

3.2 

0.221 

10230 

0.464 

889 

6345 

388 

0.51 

•8R 

3.2 

0.192 

10100 

0.463 

801 

6320 

368 

0.  49 

■  9R 

3.2 

0.125 

11770 

0.459 

709 

5360 

266 

0,69 

-10R 

3.2 

0.066 

11850 

0,459 

614 

5335 

276 

0,73 

•  HR 

3.2 

0.011 

14370 

0,459 

315 

5240 

250 

0,71 

•  12R 

3.  2 

0.017 

15420 

0,459 

756 

6005 

303 

0.  50 

•1JM 

0.62 

1.45 

2590 

0,456 

56  5 

4865 

19» 

0.  74 

•  14M 

0.43 

1,12 

3490 

0,455 

535 

5640 

2  37 

0,  50 

-15M 

0,15 

1.01 

2830 

0,455 

235 

4.125 

65 

0.  3? 

•16M 

0,17 

1.02 

3570 

0.426 

310 

4900 

105 

0.  39 

•  17M 

0.14 

1.01 

3400 

0,426 

295 

4820 

88 

0.35 

•I8MA 

0.21 

1.05 

6480 

0,426 

740 

6675 

409 

0,44 

-18MB 

0.  2) 

1,03 

6480 

0.426 

740 

5850 

158 

0.29 

-I9R 

3,2 

0,029 

9160 

0,427 

750 

6055 

303 

0,  4H 

-20R 

3.2 

0,180 

9040 

0,427 

791 

6175 

329 

0,  48 

■21M 

0.27 

1.04 

6330 

0,440 

660 

5800 

283 

0.53 

-22M 

0.28 

1.04 

5960 

0,439 

708 

57  30 

2HB 

0.57 

-23M 

0.  30 

1.05 

6130 

0,440 

746 

5570 

2*0 

0,53 

-24R 

2.2 

0,  204 

8000 

0,440 

633 

6645 

266 

0.56 

•  25R 

2.2 

0.204 

8610 

0.439 

748 

5690 

269 

0,55 

•26R 

2.2 

0,200 

8340 

0,439 

699 

5620 

266 

0.55 

Initial 

Length 

TUcwtae 

(mile) 

Final 

Length* 

Expoeure 

Time 

Calculated  Temperature 
Ratio  T(CAXwC)r  T  (DBS) 
Cold  Wall  Tay  and  Riddell 
Heat  Traaeftr  Heat  Traaafer 
Coefficient  Coefficient 

Thlckneea 

(mile) 

( eeconda) 

407/407 

400/340 

1)85 

1.03 

1.01 

400/401 

l^O/li! 

1800 

Ml 

1. 10 

410/401 

237/201 

66 

0.95 

0.95 

400/404 

202/250 

45 

0,92 

0.90 

413/417 

443/302 

1800 

1 1 04 

1.03 

711/400 

515/303 

60 

1.11 

1.09 

717/394 

479/0 

100 

1.09 

1,07 

714/409 

001/303 

300 

1.27 

1.27 

714/409 

720/305 

1800 

1,24 

1.19 

714/401 

724/301 

1800 

1.09 

1.04 

714/390 

000/200 

190 

1,16 

0.97 

479/470 

442/304 

766 

1.05 

1.00 

407/103 

417/140 

1800 

0.96 

0.94 

401/415 

529/301 

1800 

1.05 

1.05 

42.1/ 195 

499/341 

1800 

1.01 

1.02 

439/417 

401/405 

1800 

1,01 

1.00 

439/430 

60 

0.95 

0.93 

•■•/■•■ 

202/201 

1740 

1.01 

1.06 

V52/441 

714/410 

45 

1,11 

0.89 

751/440 

523/201 

120 

1.10 

1.07 

451/450 

431/404 

1800 

1,07 

1.08 

444/451 

417/182 

1800 

1.09 

1. 08 

459/451 

410/174 

1800 

1,13 

1,13 

752/441 

708/409 

1800 

1.14 

1.13 

753/4,5 

740/412 

1800 

1,18 

1. 15 

755/440 

707/410 

1800 

1.17 

1.13 

*  rinal  length  refere  to  meaeurement  after  txpoeure,  thlckneee  r«f«ra 
to  length  after  auctioning. 


Material 

Croat 

Material 

Degradation 

Expoeure 

Sample  No 

“ F_ 

Receaeion 

Keceealon 

Mode 

Time 

(mile) 

(mile) 

Vi  con  tie 

HfC  ♦  C  (C* 

It) 

•IM 

5250 

-79 

69 

Malt,  4  Ox  1<1, 

1185 

-2M 

3055 

lb 

78 

Melt,  4  Oxi d, 

1800 

•  JM 

6120 

179 

200 

Melting 

6b 

•4M 

6230 

146 

148 

Melting 

4» 

•  3M 

4790 

-30 

50 

Oxidation 

1800 

-7R 

5885 

196 

37 

Melting 

60 

-HR 

3860 

233 

194 

Melting 

100 

-9K 

4900 

33 

40 

Melt,  4  Oxi d. 

300 

•  1UR 

4873 

>12 

20 

Oxidation 

moo 

-HR 

4780 

•  10 

20 

Oxidation 

1000 

-12R 

.6345 

114 

110 

Melting 

180 

-13M 

4406 

Vt 

64 

Oxida’ion 

766 

-14M 

5180 

-30 

37 

Oxi  da  tlun 

1800 

-15M 

3863 

•48 

47 

Oxidation 

1800 

-16M 

4440 

*76 

46 

Oxidation 

1800 

•  17M 

4360 

*42 

3'2 

Oxidation 

1800 

-18MA 

6215 

.4. 

Malting 

60 

•1HMU 

3390 

177 

2  30 

Oxidation 

1740 

-I9R 

5393 

-18 

31 

Melt,  4  Oxld, 

46 

-20H 

3711 

228 

239 

Melting 

120 

•  21  M 

5340 

20 

46 

Oxidation 

1800 

.22  M 

6370 

27 

69 

Oxidation 

1800 

■  2  IM 

6110 

43 

79 

Oxidation 

1800 

•Mil 

5186 

- 16 

32 

Oxidation 

1800 

•  JSK 

3230 

7 

32 

Oxidation 

1800 

•  46  it 

3160 

-12 

32 

Oxidation 

1100 

Race  a  a  ton 

Rate *  Paiurtpiton  of  Motion  Picture  Film  Coverage 

mu  a 
30  in  In 


610  Malting,  eunbuvet  formed. 

7B  Malting,  aunburat  formed  at  angle,  acme  molten  dropleta , 

5499  Rapid  malting, 

6920  Rapid  melting , 

50  Heavy  oxide,  email  aunburat,  hotter  at  edgaa. 

1)10  Malting  throughout  run. 

7092  Malting, 

240  Sun  bur  at  formed,  little  additional  activity, 

2D  Slow  haatup,  aldat  grew  colder  aa  oxide  thickened. 

Mi  Slow  haatup,  aldaa  grew  colder  aa  oxlda  thickened, 

1100  Malting  throughout  run, 

152  Heavy  oxide,  luma  edge  chipping, 

17  Heavy  oxide,  eome  edge  chipping, 

47  Puffy  oxide,  eome  edge  chipping, 

46  Extremely  heavy  oxide, 

32  Heavv  oxide,  tome  edge  chipping, 

•  Rapid  melting. 

230  Solidified  In  aunburat,  little  activity. 

1240  Slow  melting,  cample  fractured  and  fall, 

3519  Conlltiuoue  mailing, 

46  Melted  into  aunburat,  oxide  continued  to  melt  a  lowly, 

6V  Melted  into  aunburat,  oxide  continued  to  melt  alowly, 

7V  Mailed  into  aunburat,  oxide  continued  to  malt  alowly, 

12  Uniform  oxidation,  little  activity, 

12  Uniform  oxidation,  tittle  activity, 

12  Uniform  oxidation,  little  activity, 


*  Hetteeiun  ratea  convey  tad  to  thirty  minutae  on  linear  baaia, 
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TABL.E  £5 


SUMMARY  OF  A RC  PT.ASMA  EXPOSURES  OF  ZrC+C(C-12) 


Material 
Slmplf  No. 

Aieumed  p 

CmltUr.ua  Mach  a 
at  3.  ■0.6V  No.  »tm 


ZrC  6  C  (C»12) 

4  .0.60 


-1M 

0,  3) 

1.07 

•  IU 

0.  )4 

1.07 

■  )M 

0.  )6 

1.09 

-4M 

0.  )) 

1.07 

-5M 

0.34 

1.0/ 

■  6M 

0.  )5 

1.04 

.7  M 

0.)l 

1.06 

•lilt 

1.2 

0 . 044 

-4  lit 

1.2 

0.224 

-9R% 

1.2 

0.  214 

•  lout 

3.2 

0.09) 

■UR* 

3.2 

0.011 

•12M 

0.62 

1.26 

•  14M 

0.44 

1.12 

•■ISM 

0. 15 

1.01 

•  16MA  0. 17 

1.02 

■  IbMB  0.  17 

1,02 

-17M 

0.21 

1.0) 

•  I4R+ 

1.2 

0.1)0 

D 

*cw  T 

Surface 

Radiation 

*N 

Computed 

Normal 

BTU 

list 

BTU  °R 

BTU 

EmitMnca 

lb 

fraac  oba 

ft^aac 

1925 

0.464 

500 

5)10 

256 

0.69 

4070 

0.464 

575 

S4B0 

247 

0.  64 

4610 

0.464 

660 

6410 

374 

0.47 

43)0 

0.464 

575 

5420 

292 

0.72 

4440 

0.464 

620 

5320 

260 

0.74 

4956 

0.464 

625 

6500 

161 

0.4) 

14SS 

0.464 

430 

4965 

199 

0.70 

11100 

0.461 

775 

4415 

90) 

0.75 

11520 

0.464 

1012 

6125 

342 

0.  52 

1 0)10 

0.464 

470 

6235 

116 

0.44 

110)0 

0.464 

444 

9490 

119 

0,  75 

1)120 

0,464 

343 

5225 

270 

0,77 

2720 

0.425 

560 

52!0 

219 

0.  62 

3425 

0.426 

515 

5420 

252 

0,62 

2750 

0,427 

2)5 

4)60 

65 

0,14 

3490 

0.426 

315 

4190 

76 

0.24 

3490 

0,426 

3X4 

46)0 

44 

0,22 

5190 

0.426 

700 

6765 

214 

0.22 

12110 

0.427 

650 

51)5 

255 

0.47 

Initial 


(mile) 


412/406 

406/149 

411/404 

407/403 

407/407 

417/40* 

417/411 


7U/4U 

710/414 

711/40) 


7U/404 

711/404 

444/44) 

4)4/424 

411/464 

449/442 

--./--- 

244/227 

744/442 


final  . 

Length 

thlclinete 

(mUai 


444/159 

414/14) 

167/ 179 
415/15) 
111/141 
1)1/  M7 
426/370 
721/202 
---/  0 
415/  0 

721/172 
721/170 
474/154 

449/166 
516/404 
—/  — 
451/422 
-•-/  0 
742/19) 


Calculated  Temperature 
Ratio  T(CALC)/T(0M1 
Cold  Wall  ray  and  Riddell 
Haat  Tranefer  Hast  Trtmitr 
Coefficient  Coefficient 


1400 

1.03 

1.02 

1100 

3.03 

1.00 

23 

0.92 

0.44 

1600 

3.05 

1.0) 

1400 

3.09 

1.07 

44 

0.91 

Q.ll 

1100 

1.05 

1.04 

1600 

1.27 

3.  35 

23 

1.20 

1.  17 

20 

1.13 

1.11 

woo 

1.17 

1,17 

1600 

1.14 

1.02 

1600 

0,99 

0.96 

1900 

1.00 

0.96 

1600 

3.0) 

1.04 

150 

1.01 

1.02 

1650 

1.07 

1.07 

65 

0.90 

o.  IS 

1350 

1.15 

1. 19 

*T*anemteelvlty  factor  equate  0.46  for  eapphlre  winder*. 


Vinal  length  la  baiad  upon  meaeuremont  prior  to  eoctloaiag;  thlckaaaa 
refers  to  length  altar  aaetioolnp. 


Matarlal 
Sample  Mo. 


T  Groat 
°T  Race  i  aloa 

- mTRf - 


Material 

Racaaalon 


Degradation 
Mo  da 


Exposure 

Tima 

sec  end ■ 


Racaaalon 

Rata* 


Description  of  Motion  Picture  rilin  Coverage 


RrC  ♦  C  (Ca  121 

Oxidation 

»IM. 

4140 

02 

41 

-2M 

5020 

•1 

46 

Onldallon 

•  3M 
*4M 

4970 

4960 

24 

.4 

24 

50 

Malting 

Onldallon 

-SM 

4160 

26 

66 

Onldallon 

•  6M 

6040 

64 

91 

Malting 

-1M 

4505 

*9 

41 

Onldallon 

-7R 

4945 

-  10 

209, 

Oxidation 

•IR 

5665 

•-  • 

419* 

Malting 

-9R 
•  10R 

4774 

40)0 

211 
-  10 

404 

32 

Malting 

Onldatfrn 

-HR 

4764 

-  10 

14 

Onldallon 

-12M 

4770 

-  34 

19 

Onldallon 

-34M 

4960 

•  10 

42 

Oxidation 

-ISM 

3900 

•  44 

64 

Onldallon 

-I6MA 

44)0 

... 

.  -- 

Oxidation 

•  14MB 

4170 

-  4 

30 

Onldallon 

-ITM 

-16R 

6324 

4374 

-  14 

221 

49 

Melting 

Onldallon 

1600 

1100 

21 

1600 

1100 

44 

1400 

1100 

23 

20 

1100 

1100 
1100 
1100 
1600 
ISO 
1 650 
69 
1)50 


*/4f 

--.'56 
l .09/1960 
--./SO 
— --/46 
2. 07/1T2S 
- /4I 

209 

16000 

14000 

11 

u 

49 

42 

64 

)0 


dr  opiate  and  whiskers  at  ad|«a  In  email  aunburat, 
heavy  onlde  coating 

aunburat  formation,  recession  al  alight  aagla 
rapid  malting,  specimen  (all  oil  sting 
droplata  and  whiskers,  amall  sunburst 
aunburat  formation  of  droplata  and  wKiabava 
rapid  maltlngi  ipaclmen  tlltad  whan  malting  began 
Little  activity,  heavy  oaida  formad 
U«la  activity 
rapid  malting 
vapid  malting 

speckled  appaaraaea  dua  to  graphite  fUkat.  uniform 

heating  and  racaailon 

aaiatnaalOR 

heavy  oaida,  aampla  looaa  on  at  lager,  rotating  nod  vibrating 
heavy  on  Ida,  aampla  loose  oa  atingar 
puffy  an  Ida  farmed 
heavy  oxide  formad 


6246  rapid  malting  and  racaaalon 

61  gradual  oaida  formation,  little  activity 


Sruken  apacimane,  could  tut  be  meaeured  ac 


*  Racaaalon  rataa  converted  to  tklriy  mlnutaa  on  llnaar  basis. 


TABLE  24 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OFJTA(D-l3) 


Material 
Sample  No. 
Aaaumad 
Em  it M nee 
at  V  ■  0,  65p 

Mach 

No. 

*•. 

atm 

BTU 

D 

(In) 

% 

STU 

T 

Surface 

Radiation 

BTU 

•n 

Computed 

Normal 

Emlllanci 

lb 

ftaec 

oba 

ftZ»ec 

JTA  (P-11) 

t  .0.73 

-21M 

0.42 

1.11 

2515 

0.489 

730 

4550 

54 

0.26 

-22M 

0.  32 

1.06 

1075 

0.486 

460 

4210 

60 

0,40 

-2)M 

0.33 

1. 07 

4510 

0.486 

600 

... 

.... 

Four  Diaka  Thermal  Shocked  Off  front 

-24U 

0.  12 

1.06 

4575 

0.490 

490 

... 

.... 

Sin  Diaka  Thermal  Shocked  Off  Front 

-1  M 

0.  32 

1.07 

1195 

0.488 

400 

4210 

66 

0,44 

•  2M 

0.  34 

1.07 

4920 

0.488 

660 

54  50 

202 

0.49 

•  1M 

0.  31 

1.09 

6425 

0.488 

980 

.... 

... 

.... 

Three  Diaka  Thermal  Shocked  Off  front 

-4M 

0.  )6 

1.08 

4120 

0,488 

660 

5020 

190 

0.64 

-  5M 

0.  31 

1.09 

4110 

0.488 

9)0 

... 

.... 

Four  Dieka  Thermal  Shocked  Off  F»‘ont 

-  6M 

0.  36 

1.08 

4765 

0,468 

810 

5080 

135 

0.4) 

-7ft* 

3.2 

0.074 

9520 

0.468 

500 

5125 

218 

0.71 

-8R* 

3.2 

0.164 

7110 

0.490 

770 

5765 

... 

.,  .. 

-9R+ 

3.2 

0. 131 

7260 

0.489 

771 

5765 

314 

0.60 

-10R* 

3.2 

0.208 

9110 

0.488 

945 

6125 

461 

0.  70 

-  3 1  MX 

0.33 

1.07 

5110 

0.496 

639 

5210 

170 

0,  49 

-J2MXA 

0.33 

1.07 

4215 

0.496 

6)9 

5215 

190 

0.65 

-32MXB 

0.33 

1,07 

4219 

0.496 

630 

4395 

.... 

-33MXA 

0.31 

1.06 

3155 

0.499 

540 

4845 

184 

0.71 

•33MXB 

0.31 

1.06 

3855 

0.499 

540 

4395 

86 

0.49 

-  34MXA 

0,31 

1.06 

3710 

0,499 

490 

4705 

175 

0,74 

-34MXB 

0.  31 

1.06 

3780 

0,499 

490 

4415 

99 

0.55 

-35MXA 

0.  33 

1.07 

4250 

0.499 

625 

5160 

192 

0.58 

-35MXB 

0.33 

1.07 

4250 

0.499 

425 

4)65 

•36MX 

0,  34 

1.08 

4960 

0.499 

780 

3340 

144 

0,4) 

-37  MX 

0.30 

1.08 

4109 

0.496 

860 

6190 

144 

0.24 

-38MX 

o.ss 

1.08 

4149 

0.495 

125 

1435 

141 

0.39 

•31  MX 

0.36 

1.08 

5505 

0.499 

120 

5955 

1)4 

0.2) 

-40  MX 

0,36 

1.01 

5735 

0.499 

•49 

5995 

114 

0.19 

•  41M* 

0.36 

1.01 

5395 

0.495 

8)0 

5310 

124 

0.33 

•«M^e 

0.71 

1.33 

3100 

0.4)9 

450 

6020 

220 

0.36 

-43MA,f 

0.17 

1.01 

3140 

0.417 

449 

5449 

244 

0,39 

-43MbI: 

0.37 

1.00 

3160 

0.437 

449 

4435 

... 

-44MA” 

0,37 

l.oa 

3)40 

0.43) 

500 

5490 

215 

0*37 

0.17 

1.06 

3340 

0.4)3 

500 

4410 

... 

-43Ma!, 

0,36 

1.08 

3060 

0.435 

310 

4810 

144 

0*45 

•45MB** 

0.34 

1 . 01 

3060 

0.435 

310 

4525 

... 

**Preoxidiied  10  minute*  at  U50°C. 

*T ranamieakvtly  (actor  •quail  0.86  (or  sapphire  window. 


C“lcul-tsri  7£R)&;riiuia> 

Ratio  T(CALC>/T(OBS> 

Cold  Wall  pay  and  Rlduell 


Initial 

Final 

Exposure 

Heat  Transfer 

Heat  T rar 

Length 

Length* 

Time 

Coefficient 

Coeffic  lei 

Urtckneea 

thlckneai 

(seconds) 

(milt) 

(mile) 

1015/1015 

1000/992 

132 

1.13 

0.98 

1050/1050 

1048/977 

183C 

1.18 

1.12 

1050/1050 

6 

.... 

.... 

Four  Diaka  Thtrmal  Shocked  Off  Tront 

1032/1032 

11 

.... 

.... 

Si*  Dieke  Thermal  Shocked  Off  Front 

986/674 

976/428 

18)0 

1.20 

1.14 

997/673 

647/210 

274 

1.05 

1.0) 

1011/693 

21 

.... 

.... 

Three  Diaka  Thatmal  Shocked  Off  r rent 

998/643 

466/126 

214 

1.12 

1.07 

978/658 

- /... 

6 

.... 

.... 

Four  Disk*  Thermal  Shocked  Off  Front 

992/67) 

709/369 

8T 

1.18 

1.08 

1000/681 

977/6)7 

1800 

1.12 

1.08 

1005/71 J 

449/D2 

180 

1.07 

0.  97 

1003/692 

426/97 

180 

1.07 

0.96 

998/66) 

457/312 

120 

1.10 

1.03 

691/662 

>11/191 

175 

&.10 

1,  10 

6,1/67, 

300 

1,07 

1.02 

-•-/--- 

ill/101 

1500 

1.24 

1.21 

6.9/662 

.../... 

200 

1.10 

1.06 

-■-/--- 

426/1,1 

1600 

1.21 

1.14 

6,9/677 

300 

l.il 

1.08 

-■■/-■- 

411/191 

1300 

1.18 

1.  IS 

692/6,4 

---/•-■ 

200 

1.01 

1,03 

.../-- 

•  7/5, 

2)8 

1.27 

1.22 

696/6,6 

92/(2 

143 

i.n 

1.08 

690/6,0 

191/104 

63 

1.00 

0.94 

692/679 

127/105 

132 

3.11 

1.05 

721/677 

221/201 

100 

1.02 

0.91 

696/6,7 

— /144 

102 

1,03 

0.99 

691/6,2 

— /206 

ill 

1,14 

1.09 

•41/, 26 

471/412 

51 

0.88 

0,85 

•62/110 

110 

0.91 

0.90 

.../-- 

171/130 

1490 

1.12 

1.10 

191/196 

no 

0.9,1 

0.91 

277/246 

1750 

1.14 

1.  ii 

162/661 

---/— 

33 

1,00 

1,00 

717/654 

1745 

1.04 

1.07 

**‘inal  l«n|th  It  based  on  measurement  prior  to  sectioning!  thlchnaee  reft 
to  length  altar  sectioning. 


Material 

T 

Oruu 

Malarial 

Sample  Nu, 

r 

Raceealon 

Receeaion 

“frill  i"  itilli 


JTA  (0.11) 


•21M 

4090 

IS 

23 

•22M 

3760 

2 

73 

•23M 

.... 

... 

.. 

-24M 

■  ■■■ 

_  . 

OM 

3760 

11 

46 

-2M 

4990 

450 

44) 

■3M 

... 

•4M 

4540 

6)2 

320 

-6M 

.... 

BP. 

•  aa 

-6M 

4420 

28) 

304 

-78 

4466 

2) 

44 

•  IR 

5506 

666 

SN1 

-9R 

5)05 

678 

396 

-10R 

6666 

141 

351 

-  )l  MX 

4760 

4/6 

484 

•32MMA 

47*16 

...  . 

>)*MXB 

3936 

670 

470 

-31MXA 

4)15 

. .  . 

.  « . 

•  33MXI) 

3  9)5 

26) 

101 

-  MMX  A 

4246 

-  UMX  It 

3956 

276 

282 

•  36MXA 

4700 

-J5MXB 

3906 

606 

626 

•  36  MX 

4880 

40.4 

604 

-37MX 

47)0 

199 

.176 

•  JIM  X 

4976 

46fa 

474 

•  ivwx 

6496 

49) 

474 

•40MX 

6494 

441 

-41MX 

4860 

476 

-42M 

6460 

J72 

424 

•  4  IMA 

4984 

•  4JMH 

1974 

491 

460 

-  44  MA 

60)0 

■44MIV 

4020 

616 

6  60 

■44MA 

4  160 

•46MI1 

4064 

146 

207 

Degradation 

Exposure 

RnceeaUm 

Mod# 

Time 

Rate* 

seconds 

1  (mtlel 
{jV’mTaJ 

Oxidation 

1)2 

Oxidation 

18)0 

314 

Th.  Shock 

4 

72 

7h,  Shock 

11 

•  4.  •  B 

Oxidation 

18)0 

**;* 

Oxidation 

274 

loel 

TH.thocw. 

21 

Oxidation 

214 

4)78 

Th,  Shock 

6 

Oxidation 

87 

4290 

Oxidation 

1800 

44 

Oxidation 

180 

5810 

Oxiuatto* 

180 

6960 

Oxi<latlon 

120 

5265 

Oxidation 

175 

Oxidation 

300 

4978 

Oxidation 

1400 

570 

Oxidation 

200 

Oxidation 

1600 

)0 1 

Ow  datum 

300 

Oxidation 

1400 

282 

Oxidation 

200 

Oxidation 

2  JN 

2572 

Oxidation 

14) 

740.1 

Oxkdatiun 

6) 

10742 

Oxidation 

1)2 

7827 

Oxidation 

100 

86)2 

Oxidation 

102 

7782 

Oxidation 

111 

7719 

Mailing 

61 

14964 

Melting 

no 

Oxulalion 

1690 

4  60 

Mailing 

60 

Oxulalion 

1750 

661) 

Mailing 

34 

Oxi  da  lion 

1746 

207 

Description  of  Motion  Picture  film  Coverage 


no  film  eov«ri|i 
no  (Uin  coverage 
no  film  coverage 
tan  (Um  coverage 

hoi  l\qui^oii1d«f*unbur  at  formation,  appa  rant  c  baling  of  front  (aca 

rapid  oxidation,  thermal  shock  failure 

liquid  oxide  continually  ballad  off 

thermal  aback  failure 

liquid  Qaida  continually  ballad  off 

no  Illm  coverage 

onlda  melting,  rapid  recaa# van,  formed  rounded  naae 
oatde  melting)  rapid  receaaion,  formed  rounded  noae 
onide  melting,  rapid  r^aeaion,  formed  rounded  naae 
Suntant  formation.  o'tide  continued  tu  melt, 

Sunburet  forma  Mon,  alow  melting  of  oxide 
throughout  run. 

Sam*  aa  32MX, 

dame  ae  UMX, 

Same  ae  UMX, 

Front  aur(a>.«  melted  thruugtaui  run. 

Rapid  malting, 

Front  surface  malted  throughout  run,  receaaion 
at  angle. 

First  gradual  melting  of  (rent  face,  then  rapid 
malting . 

Mama  aa  1VMX, 

Same  ae  )9MX, 
ti  imediala  mailing. 

0*1  da  melting,  lulidifle-l  in  au.tbureli  eome 
addiiiunat  melting, 

Ottilia  mailing,  solidified  in  aunburel, 

Oxide  melting,  solidified  m  eunliui  at. 


Recession  rale  nmvtrlad  tu  11)  n-.tuukai  on  linear  haela, 
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TABLE  Zb 

SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  KT-SiC(E-14) 


UftUiUl 
tempi*  No, 
Aaaumad 


liu”.  Uuk  p«  *«  0  'ew  T  CSmuS<  UUW  «■»>, 

iiib  _JS»  Jtu  us  «U»  2  — bi_u_  toiassc. 


ft  aoc  oba  W  iK 


Calculate  Tamaanhin 
Patio  T(CAlX)/T(OM) 

Cold  Wall  r»Y  a«4  Ki44*U 

Matt  Traxs/a*  Hut  TrtMlai 
CootftoioM  CMflltlwt 


KT.*C(*-14) 
t  «  0.14 


•1M 

0.12 

1.04 

3000 

0.490 

490 

3050 

13 

-1M 

0.15 

1.07 

3370 

0.490 

ia 

3495 

23 

-3M 

0.  30 

1.10 

3200 

0.401 

510 

3740 

34 

•4M 

0.39 

1.07 

4155 

0.401 

400 

4130 

40 

-5M 

0.34 

1.08 

4910 

0.400 

910 

4950 

101 

•iM 

0.34 

1.00 

4205 

0.400 

710  4005 

131 

-7U 

0.35 

1.00 

mo 

0.490 

540 

4255 

90 

-9M 

oL7T 

jd Inal  Crack 
1.01  4135 

0.400 

520 

4105 

99 

Longitudinal  Crack 

%32S 

.IP* 

0,075 

1720 

0.409 

401 

41 

-2P* 

1,1 

0.143 

7200 

0.401 

701 

5000 

103 

3.1 

0.044 
0. '  50 

11)40 

0.409 

4C7 

3440 

40 

-4P* 

3.1 

7400 

0.407 

491 

4010 

220 

•IK 

3.1 

0.04«  11710 

0.401 

417 

3430 

44 

-in* 

3.1 

0,100  11410 

0.400 

407  4005 

212 

-?*♦ 

3.1 

0.007 

10000 

0.400 

452 

3500 

59 

0. 53 

903/90) 

..I/.IS 

1033 

1.32 

0.  33 

992/992 

IN/M* 

1000 

1.39 

0.41 

904/914 

1../.I0 

454 

1.39 

0,44 

•41/041 

.40/154 

1033 

1.35 

0.39 

901/474 

— ./».» 

143 

1.24 

0,54 

901/440 

...it 

124 

1.10 

0.39 

990/470 

WlM 

11)0 

1.22 

0.44 

905/470 

.M/M. 

1030 

1.32 

0.71 

991/474 

.IS/. 4. 

1100 

1.00 

0.41 

990/449 

suns 

144 

1.20 

0.03 

991/473 

.H/tU 

1400 

1.74 

0.01 

990/441 

41T/1M 

170 

1.29 

0.01 

990/472 

.77/114 

•00 

1.70 

0.79 

990/443 

517/101 

200 

1.34 

0.04 

990/479 

777/.SS 

1000 

1.04 

*TrnaamMaWity  Motor  otuala  O.li  lor  aopphlro  window. 


*  Ft »*1  Month  la  baaod  ot  muiuttmatl  prior  to  aacttonlagt  thieknoaa 
rafara  to  loa|tfc  altar  tactionlng. 


Material 

Oroaa 

Material 

OogradntLoi 

ftampli  No. 

Pocaialon 

Pacaaaloa 

Mod# 

**Tnira - 

mUa 

KT-01C  (1-14) 

-1M 

3190 

-10 

0 

Oxidation 

-au 

3033 

-J 

3 

OaUalioa 

•  3M 

3100 

.10 

4 

Ox l  dell  ox 

-4M 

3470 

1 

7 

Oxidation 

-»M 

4E0O 

... 

425 

OmU  4  Vapor 

-4M 

4423 

•«« 

440 

0«U  4  Vapor 

•7M 

1T9I 

1 

22 

Oxidation 

•0M 

3440 

14 

34 

Oxidation 

-IP 

1041 

4 

0 

Oxidation 

•IK 

4340 

474 

434 

Onid  4  Vapor 

•  IP 

3100 

13 

T 

On  Motion 

•4P 

4430 

371 

341 

Oxid  4  Vapor 

•IP 

1170 

11 

14 

Onldatioo 

•4P 

4425 

473 

as 

Quid  4  Vapor 

-IP 

3040 

n 

24 

Onldalion 

Pwtoraioa 

JUta* 

Tmtni — 


Paterlptlow  of  MgMaa  Plctura  film  C«vat»H 


l^allpraHMi  bubbling,  droplota  awopt  to  oultldo  rim 
no  Him  cwtvtgi 

liquid  proaant,  bubbling,  droplet*  awopt  to  ooftald*  rim 
ao  (Urn  covavac* 
tijiil  ablation 

i  u  rite  a  activity,  liquid  oaUa,  rapid  ablation 
liquid  on  Ida,  bubbling  duo  to  pa*  evolution 
liquid  oatida,  Wobbling  tea  la  gee  ovolutWb 
no  film  eovarag* 
rapid  rtcotaloa 
no  film  tovarag* 

uniform  heating,  iudd«n  brightening,  than  rapid vapor  Mellon 
uniform  hatting,  Uttla  nativity 

boatad  from  adit  to  eaatati  rapid  tacoo  also  by  vaporisation 
uniform  baatini,  littla  aotlvily 


*Ri»<j*aaten  rata  cenvaiiad  to  .10  mlnutaa  on  iinaar  baala, 
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TABLE  27 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  JTO  992(F-i5) 


Material 
S*mpU  No. 

Eminence  Mach  » 
4t  >»•*  0.65u  No,  atm 


l*  0  “>.« 
BTU  IUU  BTU 
Ik  ll'w 


ube 


Surface 

Radiation 

BTU 

ft^MC 


*N 

Computed 

Normal 

Eminence 


JT0992  (F-13) 
<■0,7) 


-IM 

0.4) 

1.12 

5)40 

0.407 

870 

6160 

219 

0.42 

-2M 

0.3) 

1.07 

2105 

0.48b 

4)0 

19)0 

104 

0, 9) 

-)M 

0.40 

1.  IQ 

4285 

0.  487 

770 

3)90 

148 

0.  87 

-4M 

0.40 

1.  IQ 

4900 

0.488 

860 

5370 

227 

0.38 

-3M 

0.49 

1.  14 

3540 

0.  487 

740 

30)0 

160 

0.  5) 

-(M 

0.  36 

1.01 

4195 

o.m 

660 

4600 

242^ 

1.  14 

«4R+ 

3.2 

0.01) 

7)80 

0.489 

131 

4270 

46* 

0.  29* 

-IRJ 

1.2 

0.014 

9720 

0.415 

218 

4845 

97* 

0.  )7( 

-6R+ 

3.2 

0.014 

13780 

0.489 

308 

3)80 

184* 

0.  46' 

*5R+ 

1.2 

0.027 

145)0 

0.487 

300 

3685 

2D* 

0.4) 

-IR+ 

3.2 

0.  107 

9240 

0.489 

9)0 

6013 

114* 

0.  18 

■2R+ 

3.2 

0.  247 

9)90 

0.488 

1145 

60  90 

)9) 

O-tO1 

-)R+ 

3.2 

0.  It) 

8470 

0.489 

790 

Four  Di  iki  Thermal  Shocked  Off  front 

*7R+  1.2  0.01)  <X>00  0.411  224  . 

Two  Diaki  Tharmal  Shocked  Oil  Front 


Initial 

Lunath 

thickness 

(mill) 


Final 


(mile) 


Capo  lure 
.  Tim. 
(second  a) 


Ratio  T(CALC)/T(OBS> 
Cold  Wall  Tay  and  Riddell 
Meat  Trane Ur  Heat  T rana/*r 
Coefficient  Coefficient 


10)1/10)1  462/420 

10)3/103)  .-/999 

10)4/1054  7)5/642 

10)4/1034  611/533 

1061/1063  643/619 

1016/1016  970/93) 

1010/1010  969/957 

190/990  995/960 

1000/1000  1000/97 l 

911/911  060/165 

1005/1005  667/66H 

994/994  597/394 

971/971 


I7T 

0.99 

0.99 

117) 

1.15 

1.06 

300 

1.07 

1.04 

480 

1,  12 

1.09 

485 

1.11 

1.09 

161 

1.22 

I.l? 

1100 

1.01 

0.99 

1000 

0.98 

0,94 

1800 

0.97 

0.94 

1200 

J.0) 

0.98 

1)3 

1.  10 

1.01 

no 

I.l) 

1.05 

lOltflOU  -*•/..- 


TrenimiaaMty  factor  equal*  0. 16  (or  sapphire  window. 

Surface  radiation  value*  may  be  low  due  to  requirement!  for  critical 
alignment  caused  by  utiliaatioo  of  one-half  inch  diameter  lan-pUi 


Flnel  length  i>  based  on  measurement  prior  to  sectioning,  thickness 
refer*  to  length  after  sectioning. 


Material 

T 

Gross 

Material 

Degradation 

Expo  sure 

ReCesaJ 

Rats* 

.Sample  No. 

°F 

Recession 

.Recession 

Mode 

Tlr>* 

mils 

mile 

•  icorvdi 

imUar 

i  iXTri. 

JTQ99I  (IM5> 

( )Q  mir 

«1M 

3700 

576 

618 

Oh  id  4  Melting 

177 

2948 

-2M 

3470 

... 

34 

Oxidation 

117) 

52 

•JM 

4910 

119 

362 

Onid  4  Melting 

)00 

2172 

•4M 

4910 

416 

481 

Oxld  4  Melting 

4  gO 

1 804 

-5M 

4370 

418 

444 

Olid  4  Melting 

48) 

1648 

•6M 

4140 

46 

6) 

Oild  4  Melting 

161 

1)18 

■4R 

3810 

41 

5) 

Oxidation 

1800 

3) 

•8R 

4)83 

-3 

22 

Oxidation 

1100 

22 

■6R 

4920 

0 

29 

Oxidation 

1100 

29 

■SR 

5223 

128 

12) 

Oxidation 

1200 

105 

•1R 

3355 

)M 

3)7 

Oxid  4  Melting 

115 

449 

•*R 

5610 

19? 

400 

Olid  4  Melting 

110 

6)44 

*  )R 

*  “  *  ■ 

■  - . 

Th,  Shock 

.... 

•IR 

“*■ 

... 

... 

Th.  Shack 

.... 

.... 

Pen riptloiy  -af  Motion  Picture  Film  Coveraxe 


liquid  formation,  bubbling,  oxide  stringers,  sunburst  configuration 

oxida  (urination,  little  activity,  sample  vibration 

liquid  oxide,  atrlngere,  sunburst  configuration 

no  film  coverage 

no  film  coverage 

no  film  coverage 

little  activity,  slight  oxidation 

little  activity,  slight  oxidation 

lilMx  activity,  slight  oxidation 

uniform  heating,  oxide  melting,  sunburst  formation,  uniform  receiaiun 

oxide  melting,  recession 

uxlde  melting,  recession 

delamination 

dalam  (nation 


MecesBi^,!  rate  cunverlid  to  10  minutes  on  linear  basis. 
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SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  JT0981(F-16) 


Material 
Sample  No. 
Assumed 

CmitUnca 

<r 

-  ,  Surface 

Mach  a  a  D  st*  T  Radiation 

*N 

Computed 

Normal 

Initial 

Ftaal 

Exposure 

Calculated  Temperature 
Ratio  T(CAJLC)/ T(OBS) 

Cdd  Wall  Fay  and  RiddsU 
Heat  Transfer  Heat  Transfer 

St  X  ■  0.05 P 

No  atm  DT  1  (ini  »TU  °R  BTU 

Lmlttance 

Length 
thick  nee  a 
(mile) 

1077/1077 

Length* 
thick  naia 

(mile) 

■•»/■■• 

Time 

Coefficient 

Cosffklsnt 

JT09I1  <r-16> 
«  »  0. 74 

-21 M 

lb  ftZnec  obi  ft*eec 

0.50  1.05  2565  0.449  4  60  — - 

faacooda) 

7 

-22M 

One  Dlak  Thermal  Shocked  Off  Front 

0,52  1.06  3250  0,490  460  4)30  60 

0. 14 

1055/1055 

1130 

1.16 

1.10 

-UM 

Thermal  Shocked  Altar  Taat 

0.5)  1.07  4510  0.449  600  . 

.... 

1041/1041 

6 

.... 

.... 

•24M 

Five  Disks  Thermal  Shocked  Off  Front 

0,3)  1.07  4510  0.490  600  . 

.... 

1073/1073 

— /--- 

6 

.... 

.... 

-2M 

Six  Make  Thermal  Shocked  Off  Front 

0.36  1.04  4460  0.444  710  9570 

.... 

1000/662 

••a/162 

11(3 

1.03 

0.90 

-)M 

One  1  )4  Mil  Thick  Disk  Thermal  Shocked  Off  rroat 

0.36  1.04  3900  0.41b  670  9940  147  0.32 

1000/631 

774/400 

70 

0.93 

0.40 

-4M 

0.35  1.04  3475  0.444  640  5450  192 

0.46 

994/565 

403/266 

140 

0.99 

0.92 

-5M 

0.32  1.04  2445  0.490  390  4)70  61 

0.35 

1000/692 

900/546 

1430 

’  06 

1,01 

-6M 

0,34  1.07  4730  0.490  670  .... 

.... 

997/675 

— /  — 

173 

.... 

-7M 

Five  Dlake  Thermal  Shocked  Off  Front 

0,34  1.09  6160  0.444  950 . 

.... 

946/642 

S 

.... 

.... 

-SR* 

Three  Dlak  a  Thermal  Shocked  Off 

3.2  0.075  9650  0.449  512  —— 

.... 

1017/676 

—/--- 

13 

.... 

.... 

•  OR* 

Thermal  Shack  Failure 

3,2  0.075  9120  0.444  523  6159  251 

0,75 

994/696 

473/655 

1400 

1.12 

1.06 

-1R+ 

3,2  0,179  7430  0.449  747  5525  253 

0,57 

1014/694 

459/334 

150 

1.11 

1,03 

-10R* 

3.2  0.179  7430  0.441  751  5605  274 

0.59 

1013/673 

626/299 

126 

1.10 

1.01 

-HR* 

Apparent  Surface  De lamination 

3,2  0.204  9350  0,449  930  6070  395 

0.62 

996/667 

100 

1.12 

1.05 

Four  Diaka  Thermal  Shocked  off  Front 

i 


*Trenainieaivlty  (actor  squats  0.46  for  sapphire  window, 


*  final  length  la  baaed  on  measurement  prior  to  aactlonli^,  thicknesa 
»(ut  to  UHitk  odor  sectioning, 


Material 
Sample  No, 

T 

°r 

firgea 

Racaaalan 

Oroes 

Recession 

Degradetloi 

Mods 

exposure 

Tims 

mile 

mQi 

seconds 

JT09II  (F-16) 

•  21 M 

... 

... 

Th.  Shock 

6 

-22M 

3470 

... 

... 

Ox  id  4  Yh.  Shock 

1130 

•IIM 

... 

... 

Th.  Shock 

6 

-24M 

... 

... 

Th.  Shoch 

6 

-2M 

5110 

... 

364 

Th.  Shuck  4  Cm  Id 

119 

•  3M 

5440 

226 

2)1 

Oxidation 

70 

-4M 

4990 

395 

299 

On  ids  lion 

141 

-5M 

3910 

100 

106 

Oxidation 

1130 

•6M 

... 

... 

Th.  Shock 

173 

-7M 

... 

... 

Th.  Shock 

1 

•Ik 

... 

... 

Th,  Shock 

1) 

-OR 

4499 

23 

41 

Oxidation 

1100 

•IR 

5061 

395 

396 

Ox  id  4  Melting 

ISO 

-10R 

5149 

391 

376 

Ox  Id  4  Molting 

Th,  Shock  4  On  id 

4  Me  It  lag 

126 

•hr 

5610 

... 

... 

100 

lUcrnba 


Description  o(  Motion  Picture  Film  Cove  rase 


to  (Um  coverage 

5497  thermal  shock,  oxidation,  bubbling 

5919  boiling  of  liquid  oid da 

tilt  hailing  o(  liquid  oxide 

108  m  (Um  coverage 

lharmal  shack 
lharmal  shock 

41  llttla  activity,  uniform  oxidation 

4272  OMida  melted,  melting  tad  rapid  racs salon  followed 

917)  o a! da  mailed,  melting  asd  rapid  racaaalon  (ollowad 

••••  front  facs  lharmal  shosksd  off  during  heat-up.  but 

stuck  to  specimen,  liquid  formed,  than  fioni  lac  a 
flow  off  and  melting  continued. 


>  IQ  ml  aids  a  on  linear  baa  La. 
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TABLE  29 


SUMMARY  OF  ARC  PLASMA  TESTS  IN  NITROGEN  TO  MEASURE 
THE  MELTING  POINTS  OF  MOLYBDENUM  AND  TUNGSTEN 


Mo  (Accepted  Melting  Point  =  5220°R,  _  g  ^  =  0.  30) 


Measured  Value  (Model  500)  =  5250+3Q°R 
Measured  Value  (ROVERS  )  a  5190  +  30°R 


W  (Accepted  Melting  Point  =  6570°R,  «^_q  ^  =0,41) 

Measured  Value  (Model  500)  =  6850+  1 10°R 
Measured  Value  (ROVERS  )  =  6710+  70°R 
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TABLE  30 


SUMMARY  QJj’  ARC.  Jt'LASMA  •fcAi-'USUK.E.a  Ui; 

WSi2  ON  W  (G-18) 


Material' 
tempi*  No, 

Aaatnnad  . 

Onlttanca  Mack  *©  "a  D  T 

a  K  •  0.49u  No,  atm  BTU  [te£  BTU  »R 

lb  oka  ft*uc 


Hr  *H 

iuriace  Campttttd 
Atdiatloi  Normal 
BTU  Emitted. 


W5i,/W(G-l*)  -  - — . 

•  -<D.60(Mlow3S0il°r),  O.MUhm  ISOOV).  0.40|baraW) 


-1M  0.11  1,95  >449  0.903  105  1439  34 

•2M  O.ZI  1,05  2110  0.504  120  1140  14 

-1M  0.24  1.95  2240  0.904  110  1  443  IF 

-4M  0,30  1,05  27*5  0.509  4M  ISIS  44 

-9M  0.21  1.05  2400  0.504  240  10*3  25 

-4IU+  9.2  0.002  7200  0.104  4H  3290  27 

After  TOO  aacMtda  arc  caadUtoae  ckaajed  te  4JLB 
■MIBJ  1.2  0.002  1110  0.504  5  54  1243  27 

-7RA+  1.2  0#  I5i  4010  0.303  Til  4019  71 


0.99 

0.37 

0.5) 

0.40 

0.59 

0.44 

0.52 
0.  57 


SM  itctate,  malarial  Began  Ui  rung  cad  condition* 
changed  to  7W5.  Tkla  may  te  due  to  burn  Ml  of  tka  9  ntU 
x  coating  of  WSU  . 

■7M+  1.2  0.190  *1020  0.503  751  5010  170  0.10 

.0&A+  1.2  0,150  7410  0.309  779  1949  41  0.31 

After  270  eacoitda.  material  bagaa  burning  and  loaditlona 
changed  to  0M,  Tkla  may  ba  due  to  burn  off  of  tka  5  mU 
coattef  of  WSlj .  .... 

-ORB*  1.2  0.150  7410  0.309  773  *0SI  1U 

•fR*  1,1  0,011  13400  0.301  449  W*  212 

-I0RA+S.1  0,021  11420  0.501  4SI  ■•••  42 


•tORB+3,2 
.1IU  0.34 
-12M  0.34 
-UM  0.30 
-14M  0.24 


-I7M 

•  IBM 
•19MS 

•  20MS 
-21M 
■2ZM  x 

•  23RA* 
-23Rn; 
•23RCL 
•24Rf 


0.21 

0,21 

0,21 

0.21 

0.2H 

0.15 

2.2 

2,2 

2.2 

2.2 


0.014 

7200 

0,503 

224 

4)30 

91 

1.04 

9205 

0.504 

715 

4)71 

149 

1.07 

4<>fS 

0.501 

340 

5910 

14) 

1.04 

4245 

0.504 

321 

4)10 

1.04 

3413 

0.504 

440 

30)9 

12 

1.02 

1150 

0.504 

320 

3640 

42 

1.02 

1280 

0.504 

Jib 

1490 

31 

1.02 

DH0 

0.500 

310 

2860 

21 

L"2 

3160 

0,500 

306 

2970 

27 

1.04 

1600 

0.503 

1% 

377  6 

54 

1,01 

•1 190 

0.505 

144 

1896 

66 

0.212 

HIH0 

0.  50', 

690 

3670 

62 

0,232 

6/80 

0.505 

*M 

4015 

6) 

o,m 

6180 

0.  505 

699 

47)5 

102 

O.MH 

7460 

0,505 

653 

3455 

4) 

0.23 

0.15 


0.31 

0.21 

0.33 

0*  27 


Length  L  a  a, 

lllckuii 
(mile)  (mile) 


741/444 

730/444 

743/449 

743/449 

734/443 

745/433 

•— / ••• 
744/434 


741/444 


•»«/ 

734/412 

737/441 


471/451 

447/444 

444/437 

419/412 


744/444 

717/437 

773/447 

779/441 

794/444 

744/417 


719/404 


471/191 

944/247 

304/107 
— /J4* 
— /424 
301/272 
— / ■— 


Expo aura 
Tima 
Tr’acTOa) 


1319 

1410 

1410 

1410 

1410 

700 

1100 

100 


90 

270 


240 

400 

no 

1040 

77 

14 

ilT 

1012 


Calculated  Temporal  a  r« 
Rati©  T(CALG)  /T(OBfl) 
Cold  Wall  ray  aad  Riddell 
Haat  Traaafar  Haat  Traaafitr 
Cocfflciaat  Coe/licteat 


1.34 

1.14 
1.91 
1,41 
1.44 
1.40 

1. 14 
1.44 


1.20 

1,70 


1.19 

1.21 


1.24 

k, 0ft 

l. 10 
0.49 
1.04 


Ml 

1.11 

1.27 

1.14 

1.30 

1.74 

1.71 

1.55 


1.  10 
1.54 


1.08 
I.  10 


1.14 

1.01 

1,07 

0.44 

1.02 


0.31 

I0.I/I02M' 

.-./'IH 

1800 

1.14 

1,  t) 

0,47 

Ml/100. " 

1801) 

1,40 

1.41 

0.71 

■I.o/'H*. 

‘■•/in 

1800 

1.70 

1.70 

0.74 

HT/100*. 

•-/JOII 

1800 

1,6) 

1,62 

0.57 

•IM/.II 

jW-im 

1800 

1.  17 

1,  17 

0.61 

■IS./.J. 

1800 

i.  n 

l.  34 

0.61 

1M/0U 

900 

1,79 

1,76 

0.51 

Mi/lai 

• .  • 

Mi  6 

t.  62 

0.4} 

>66 

1.41 

I.  IN 

0.61 

7f.l/4,0 

T60/-W* 

•»0ll 

1.86 

1,82 

^TraiumUblvlty  (actor  equal*  O.Hfj  for  auppltlre  window. 


l-’lnal  length  rider*  to  im'.iHurrmi-nl  alter  eh|m*iir«,  tltliknna  rcfcrc  lo 
monhuri.tiiom  after  im-limnnu. 

!l  Niue  to  in>t|i|iih  li'uqM-ruliiM  hum  mire  me  id  nuium 


Material 

T 

Oroa© 

Material 

Degradation 

Material 

Sample  N©, 

°F 

RaCfeaalon 

Ranaaalon 

Mode 

*flma 

Sample  N®. 

miH 

“wns — 

IWMIl 

imM/imite) 

Wlll/W  1Q-1I) 

-1M 

-7 

-2 

WSIfOntd 

1919 

— •  /o 

-2U 

1400 

•7 

II 

WBl‘.Onld 

1130 

•—/II 

•  )M 

29*3 

4 

l 

WSig-Onid 

11)0 

—./I 

-414 

1073 

-14 

7 

W«i|.Qnid 

1I39 

—  -/7 

-9M 

2425 

-4 

l 

WSifOnld 

11)0 

•—/l 

-4RA 

24)0 

1 

IB 

WBli'Onld 

700 

—  -/U 

-4RB 

2759 

1 

(10) 

14 

WSlj-Ontd 

1100 

— / u 

•7RA 

3575 

no) 

WSif.OnM 

300 

..../<40)<> 

-7RB 

9420 

33 

40 

W-dlid 

10 

(1,10/1440 

-IRA 

-4RB 

HOI 
Ilf  ft 

IK 

IK 

Waii-Onld 

w.&ld 

270 

240 

Mil  tw; 

-9R 

•ftll 

20# 

IAI 

W-Onld 

000 

— /414 

-10RA 

-10R» 

3470 

00) 

us 

IK 

W -Child 

W-Onld 

no 

1090 

-UM 

1919 

•»» 

104 

W-Onld 

77 

i.iuiwo 

•  UM 

4030 

mm  - 

M 

W-Oald 

29 

1,31/2)40 

-DM 

9150 

14) 

UI 

w-Oaid 

127 

1.30/2)40 

-UM 

4473 

— 

... 

wu,.n«i. 

10)1 

- 

-MM 

MHO 

6 

WSi  ,-OKld. 

1800 

..  ./ \ 

-IBM 

30  30 

l 

W.Slf.Onid. 

1800 

-19MS 

2420 

0 

WSlf.OKld. 

180(1 

.--/() 

-20MS 

2M0 

0 

WSlJ.Onid. 

HI  00 

««./(! 

*  21M 

1115 

a 

0 

W.fi;.0md, 

11)00 

•22M 

J4J6 

■  \ 

0 

wsif-omd, 

1800 

-2  IRA 

1210 

WSlS.Onid. 

900 

•*-/8 

•  2  IK  R 

1676 

W-Cfaia. 

-2. IRC 

4274 

2) 

21 

W-OhhI. 

11. 6 

«24H 

2'}')4 

l 

WM^.Ontd. 

1800 

•••/I 

Daecrlpiton  of  MMlwUHctert  rilm  Caverns* 


uniform  ©Mtdailoa,  4ii|kt  bubbling  nudgee,  ««ati*«  intact 

ualfarm  onidatlan,  coating  Intact 

uniform  ©nidation,  conttni  Intact 

uniform  cntdntten,  canting  intact 

uniform  ©nidation,  coating  Intact 

no  fUbn  aavaraga 

no  film  (ov«ti|« 

uniform  banting,  coating  failed  fallowed  by  uniform  vaaacalon 

no  fUm  care  rag a 
M  fUm  coverage 

rapUkeat~u*,«o*tiitgkurMd<df,  kemgU.ee  rec anion 
rb|»l®ba*l»u|i,eoatiaikuraaddn,kaurglaae  rucaaainn 
rapid haat -up, coating buvaad off.huuraUaa  reanectea 
coating  malted,  then  aeUdiiterf,  lb  an  Jailed  la  ana  >»e4  aanr 
adga  «kl«k  ava  at  welly  apraad  aver  aattra  cpecliiun 
1  <11  tie  m  livlly, 

Utile  aettvlly,  mini'  iiHilieii  Jr<»|>trl a  *i  nine, 

Utile  vuilile. 

Unit*  vuible. 

'“"I'"-"'  mi  n.lmi 


Hut  *  pm  n  «t  rdg 
l.ittle  vi a i til** , 

I’rtilirtlde  i  outing  teiluri’ 
Tim©  Men  eN|Mi  he<l . 

Lillie  .1.  Iivity. 


*11  ihtu  r vui ,  iin  Miiiar.iii  failure, 


Kit  eh 
11 1,  hill  II 


‘I'm  rate 
tied. 


'■rtid  L  It)  intitule  a  un  Lut  .tr  l,** 
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m  /*-*-»  t  yt*  o  1 
1  .MX)  J-jJ^ 

SUMMARY  OF  W5Si3  ZONE  WIDTHS  FORMED  ON  WSi2/W(G-18) 
DURING  ARC  PLASMA  TESTS 


Test 

Temperature 

Time 

Width 

(°F) 

(sec) 

(mils) 

WSi2/W(G-18) 

-1M 

2975 

1519 

0.40 

-2M 

2900 

1830 

0.40 

-3M 

2985 

1830 

0.30 

-4M 

3075 

1830 

0.55 

-5M 

2625 

1830 

0.15 

-6R 

2830/2785 

1800 

0.40 

-17M 

3180 

1800 

1.70 

-18M 

3030 

1800 

1.15 

-21MS 

3315 

1800 

1.55 

-22MS 

3435 

1800 

3.20 

-24R 

2995 

1800 

1,20 
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TAaCE  33 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF 
W+Zr+Cu(G-20)  and  W+Ag(G-2  1) 


UsMiUl 


AxmH 

bNlRMCI 


V  *N 

4  _  Surface  Computed 

•  D  T  RadUlioa  Normal 

BTU  (la)  BTU  °R  BTU 

Ik  (?7«  <*, 


(mile)  (milo) 


Enoiun 

Time 

Toocoa&f 


Calculate  Temporature 
lUtto  T(CALC)/T(OBS) 
Cold  Wall  ray  and  Riddell 
HmI  Tr.iiftr  Hoat  Traaafev 
CoofflcUat  Conflicted 


W+Zr4Cu(G*70t 

«  •  0.40 


•  >  0.40 

0*4 

0.22 

1.03 

2970 

0.413 

315 

5003 

104 

0.35 

•ZM 

0.  13 

1.01 

3050 

0.435 

170 

3605 

41 

0.42 

•  3M 

0.15 

1.01 

1700 

0.427 

95 

2640 

6 

0.24 

-4MA 

0.15 

1.01 

1620 

0.431 

130 

2900 

11 

0.S4 

-4MB 

0 . 13 

1.01 

1620 

0.431 

130 

3420 

30 

0.47 

•  5MA 

0.15 

1.01 

1670 

0.412 

135 

3395 

21 

0.45 

-4MB 

0.15 

1.01 

1670 

0.412 

135 

2775 

... 

•  >.  - 

•6MA 

0.15 

1.01 

1630 

0.412 

159 

3325 

51 

0.54 

•  6kV» 

•JR  . 

0. 15 

1.01 

1*30 

0,412 

155 

2110 

-  —  - 

l.Z 

0.075 

9210 

0.412 

419 

5115 

215 

0.40 

•IRA? 

.1.2 

0.1  IS  11910 

0.421 

662 

5155 

406 

0.74 

•9R 

1.2 

0.1  IS  11910 

0.421 

642 

3445 

442 

0.91 

1.2 

0.100  10610 

0.425 

514 

5760 

237 

0.44 

W4Ag(G-2l) 
♦  »  0,40 


-IM 

0,23 

1,03 

2330 

0.509 

310 

4770 

•1 

0.33 

-2M 

0.  Li 

1.01 

2330 

0.519 

230 

3490 

43 

0.49 

•  }M 

0.13 

1.01 

2790 

0.506 

130 

2740 

15 

0.56 

*  4M 

0.15 

1.01 

2360 

0.510 

210 

3475 

35 

0,51 

-»M 

C.  13 

1,01 

2760 

C,  519 

210 

3510 

44 

0.61 

*434 

0,15 

l.'l 

2000 

0.S14 

160 

3005 

20 

0.52 

+Traniinia*lvity  factor  oquale  0.66  for  aapphira  window. 


445/437 

*--/240 

157 

1.03 

904/, 00 

241/194 

324 

1.22 

Ml/4?; 

404/401 

1100 

1.42 

44  2/, Si 

-../--- 

1425 

1.34 

— /— 

•401/595 

1*2 

1.14 

420/41, 

400 

■  ■•/... 

340/299 

1400 

1.42 

431/427 

--/.— 

500 

200/242 

1300 

L  .43 

•24/920 

•09/477 

1100 

1.15 

in/*  i» 

--./... 

41 

1.25 

902/1.1 

459 

1.29 

294/499 

739/411 

775 

1.22 

1.23 

474/444 

174/0 

250 

1.01 

0.97 

47  9/441 

— /300 

503 

1.26 

1.23 

944/499 

447/492 

1600 

1.64 

1.72 

470/441 

— /l9» 

624 

1.32 

1.29 

494/497 

-••/!0l 

460 

1.35 

1.34 

490/449 

— /3»1 

1100 

1.41 

1.40 

length  it  Bat'd  OH  maaouramoal  prior  to  ■  actioning,  thlckaeoe 
refera  to  length  after  Motioning. 


Malarial 
lam  ala  No, 


Orooa  Material 

MMtiioa  Receealou 
alii  mu« 


luoaur. 

Tim. 

iKaUT"- 


Materlal 
dam  ala  No, 
{mWT7mTU> 


PeKTjptioa  1  Motion  Ptetw  film  Cgmii 


W*Sr4Cu(Q-Z0) 


•  IM 

4145 

... 

147 

Malting 

187 

-2M 

3345 

106 

112 

Malting 

Oxidation 

324 

-3M 

2110 

97 

90 

1109 

•  4MA 

2440i 

... 

Oxidation  4 

1425 

•4MB 

2960 

54 

53 

Malting 

112 

•  5MA 

2935 

... 

Malting  4 
Oxidation 

400 

-•5MB 

2313 

10 

01 

1400 

-IMA 

2665 

... 

Molting  4 

500 

-6MB 

2420 

151 

165 

Oxidation 

1100 

-7R 

5355 

21 

43 

Oxidation 

1100 

•  IRA 

5)95 

... 

Molting 

.... 

•  IRB 

5205 

253 

257 

Oxidation 

500 

•9R 

5300 

17 

22 

Oxidation 

775 

W4Ag(0-21) 

-IM 

4310 

293 

466 

MolUng 

250 

•  2M 

3230 

... 

161 

Molting 

Oxidation 

303 

-3M 

2210 

•  1 

3 

1100 

•  4M 

3015 

... 

163 

Molt, or  Ablet. 

624 

•  SM 

305  0 

... 

131 

Ablation 

460 

-6M 

2545 

... 

51 

Ablation 

1100 

HIS  immtdialo  melting  o(  (roal  he. 

111  Mata  rial  malting  out  of  fro.it  fact,  uniform  malting, 

90  Little  vlaibla. 

59  littl.  viaibla,  lorn,  apparent  melting, 

hi  littl.  viaibla,  aoma  apparent  melting, 

HS  littl.  viaibla,  .onto  apparent  malting. 

45  Hoary  buildup  on  front,  aom.  oxide  chipping  off. 

92S  Haavy  oxida,  aoma  malting,  viaibla  racaaaTon. 

51  Haavy  buildup  with  oxida  chipping  oft, 

1155  Littla  activity,  rapid  malting,  hourgUaa  racaaaion. 

576  littla  viaibla,  aoma  apparent  malting, 

3  Littla  viaibla,  aomo  apparent  malting  nr  ablation. 

112  Littla  viaibla. 

540  littla  viaibla. 

5t  little  vteible,  apparent  ablation. 
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TABLE  34 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF 
Si02+68.  5  w/o  W(H-22) 


Mata  rial 
3  am  pit  No. 

Aifumnl  p 

EmitUru.  •  Mach  ■ 
UK  ■  0,  6Sj*  Ho.  atm 


l|  D  'cw  T 

BTU  (iaj  BTU 
lb  II1. K  Ok. 


'r  *N 

Iur(K<  Compu**d 
Radiation  Hprmai 
BT  V  ^CmilUMt 


(milt)  (mill) 


CnlcuUtad  Tamparatura 
Ratio  T(CALC)/T(OBS) 

Cold  WoU  r«r  »nd  Rlddall 
HaatTraaafar  Haat  Trimfir 
Cocfflcltnt  Coafflclant 


8lO,+6*.5%W(H-22) 

«  h.to 


-IMA 

0.32 

1.  06 

3470 

0.307 

470  4700 

104 

0.45 

-1UB 

0.32 

1.06 

3670 

0.307 

470  4*50 

1)2 

0.31 

-2UA 

0.33 

1.C7 

4110 

0.307 

3*0  4963 

14) 

0.30 

-4  MB 

0.33 

1.07 

4110 

0,307 

3*0  47*5 

11* 

0.4* 

-IMA 

0.36 

1.0« 

4730 

0.  307 

670  3640 

240 

0.30 

-3  MB 

0.36 

l.oa 

4710 

0.307 

670  3270 

1*1 

0.  30 

-4MA 

0.36 

l.Od 

3300 

0.  501 

7*0  3663 

236 

0.3) 

-4hO 

0.  36 

1.0* 

S300 

0.307 

7*0  3343 

ma¬ 

mmmm 

-SMA 

0.  37 

1.00 

617C 

0.507 

*40  3693 

il* 

0.36 

•JMb 

0.  J7 

1.09 

6170 

0.307 

•40  3430 

mmmm 

-4MA 

0, 35 

1.01 

4694 

6.  SOT 

640  331 5 

200 

0.3) 

-6MB 

0.33 

l.Od 

4690 

0.307 

640  3165 

172 

0.31 

3.2 

0.066  10M0 

0,507 

526  4633 

171 

0.79 

-IR* 

3.2 

0.011 

137*0 

0.307 

302  4325 

164 

0.1) 

-9R\ 

3.2 

0,009 

9300 

0.307 

1*4  3790 

79 

0.11 

•  10R* 

3.2 

0.009  13100 

0.50* 

230  4210 

125 

0.15 

•  UR* 

3.2 

0.006  12640 

0.30* 

209  4025 

95 

0.17 

679/672 

--/  — 

250 

1.0* 

1.04 

- / - 

6*1/662 

1330 

1.03 

1.0) 

704/706 

— /  — 

600 

1.0* 

1.04 

692/6*1 

937 

1.13 

1.0* 

648/6*4 

■«•/••■ 

130 

1.00 

0.97 

444/42* 

1630 

1.07 

1.04 

6*0/634 

65 

1.03 

1.01 

243/226 

1735 

1.11 

1.07 

707/697 

- /--. 

100 

1.07 

1.03 

---/--. 

0/0 

931 

L.ll 

1.10 

691/6*2 

••-/-•■ 

130 

1.03 

1.02 

592/574 

1630 

1.0* 

1.09 

993/6** 

493/1*1 

230 

1.2* 

1.27 

9*0/677 

643/344 

330 

1.17 

1.10 

119/535 

1*00 

1.2) 

iu 

97  3/607 

609/276 

600 

1.1* 

1.14 

947/6*7 

700/392 

1200 

1.20 

1.07 

T»umii«Wity  (ictor  •<<•>*  tot  lippliN  window,  *  Flail  Longt*  ii  bond  on  mutt  uram«  i.t  pilot  to  aattloning;  liikkntii 

rafarn  to  Ungtn  oft rr  11011001111, 


Malarial 

T 

Croat 

MatarUl 

Dagradation 

Exposure 

Racaaaion 

Hat#* 

Sampla  He. 

°r 

Racaaaion 

Racaaaion 

Mod# 

Tima 

mil* 

mill 

•  aconda 

mu  a  /  mil* 
•ac  SO  min 

SiO,+  6l,  59i'W(H*22) 

-IMA 

4240 

... 

a  — - 

Oxidation 

250 

10 

-1MB 

4390 

10 

0*1.44  Flow 

1530 

-2MA 

4305 

a  .  . 

a  a  a 

Oxidation 

600 

22 

-2MB 

4)25 

12 

19 

Ox  id*  Flow 

957 

-3MA 

31*0 

a  a  a 

a  a. 

Oxidation 

150 

236 

-SMB 

4110 

240 

256 

Ox  Id*  Flow 

1650 

-4MA 

3203 

..  a 

... 

Oxidation 

65 

42* 

-4MB 

44*5 

437 

42* 

Oxid+Flow 

1735 

3MA 

3235 

..a 

mmm 

Oxidation 

100 

1217 

-SMB 

4970 

707 

697 

Oxid+Flow 

991 

-4MA 

4*33 

... 

... 

Oxidation 

130 

10* 

-6  MB 

4709 

99 

101 

Oxid+Flow 

1630 

*7R 

4175 

300 

907 

Oxid+Flow 

230 

396* 

-IR 

4063 

335 

331 

Oxid+Flow 

330 

1702 

-9R 

33)0 

137 

135 

0*1  d+ Flow 

1*00 

139 

-10R 

3730 

364 

331 

Oxid+Flow 

600 

993 

•UR 

3563 

2*1 

293 

Oxid+Flow 

1200 

441 

Date  ripf  ion  of  Motion  Plctun  Film  Comm 


Hull  activity,  uniform  hoofing,  until  hoi  burn* 
Vapt  appearing  on  front  turlaci 
uniform  haating,  tmall  hoi  bur  alt,  alight  molting 
li  odgtt 

uniform  hotting,  •mall  hot  buraU,  adgt  molting 

liquid  around  odgt,  viaiblo  racottion 

liquid  tr  mad  odga,  viaiblo  i acoauion. 
bur nad  through  atlng  hole 
uniform  tutting,  until  hot  burata 

rapid  racaaaion,  poaaibla  malting 

■light  rounding  of  odgoa,  viaiblo  Ungth  facaailoo 

•light  rounding  of  odgoa,  UttW  activity 

•light  rouuding  of  adgaa,  viaiblo  laagtli  rocoaaion 

■light  sounding  of  odgoa,  viaiblo  langth  rocoiaioo 


Racaaaion  rata  convartod  to  JO  minute#  on  liioar  baaia. 


315 


J  D 


summary  of  arc  flasma  exposures  of 

SiO,  +  60  w/o  W{H-23) 


UkUlUL 
Sam  pit  Ho. 
Anum*4 

Emtttaaee  Mac* 
at!  -0.65x  Wo. 


SlOi-*OW(H-. 
«  *0.40 


1M 

0.  32 

1.07 

-2M 

0.3O 

I.OA 

3M 

0.29 

1.05 

4M 

0.24 

1.04 

3M 

0.37 

1.00 

4MA 

9.44 

1.13 

After  40  aoco 

4MB 

0.44 

1.13 

7MA 

0.49 

1.14 

After  40  eeco< 

7MB 

0.49 

1.14 

•R+ 

1.2 

0.021 

■9R* 

3.2 

0.0)4 

10R+ 

3.2 

0.007 

BTU  (lpj  BTU 

ib  rtz.#c 


4490  0.50*  SIS 
J380  «.  30S  404 
MOJ  0. 504  140 

2310  0,  SOS  200 
4010  0.  SOS  755 
5040  0. 504  140 
id«.  temperature  a 
5040  0.504  140 
WJ0  0.504  845 


Surface  Computed 
Radiation  Normal 
BTU  EimtUmc* 


«4i  ft  aac 


4160 
4455 
1095 
.1005 
5520 
5750 
d  radii 
5095 
47S0 


140 
'25 
75 
45 
240 
2S5 
tior  c 
190 
274 


0.41 
0. 48 
0.42 
0.44 
0.54 
0.J5 
d  to  -42 
0.40 
0.52 


seconds.  temperature  aad  radiation  change*  to  -7MB 


-UR*  1.2 
1.2 

-15MA  0.  57 


0.004  1023&  0.505  15a 

0.025  14050  0.504  414 

1.00  5440  0.504  155 

>15MB  Altar  40  iKoadi 
•14MA0.34  1.01  5150  0.504  045 

•14MB  Altar  40  iKsadt 
-17MA  0.55  1.00  4310  0.504  700 

•17MB  Altar  40  aKindi 
-MMA0.32  1.01  1470  0.505  540 

-1IMB  Altar  200  itcoadi 
•19MA0.5S  1.07  4240  0.504  410 

•19MB  After  100  aaconda 
-20MA0.1S  1.07  IN*  0.505 

•40MB  Altar  100  seconds 
-*Uf  U  0.005  1SU0  0.505  175  5995 
-MRJ  1.2  0.009  14140  0.504  295  4540 

-***♦  ).2  0.017  11010  0.50  4  411  4450 

•24B+  1.2  0.014  7420  0.107  2l»  5740 


5210  0.504  095  5120 


4590 

1920 

1420 

4940 

5/45 

5000 

5750 

5140 

5450 

5120 

4050 

4740 

5190 

5020 

5110 

4020 


595 


154 
120 
118 

44 
51 

159 

291 

110 

240 

04 

210 

171 

151 

134 

179 

157 

170 

155 

49 

100 

111 

45 


0.40 

0.5? 
0.54 
0.59 
0.  56 
0.  55 
0. 56 

0.35 

0.52 

0.26 

0.5) 

0.3) 

0,5, 

0.50 

0.32 

0.31 

0.53 

0.51 

0.50 

0.43 

0.40 

0.47 


initial 

Length 

dtCfinrsa 

(mile* 


703/710 

607/700 

606/690 

700/711 

608/690 

723/724 

- / 

709/715 

- / 

1006/699 

1007/699 

1DCO/707 

1008/735 

1000/497 

694/606 

- - /  — 

70S 7  69 1 

*702/602 

*704/692 

•— /— 

600 /5b  6 

p  <--•/ -•«» 

702/690 

- 

1009/692 

1005/409 

1010/495 

1000/497 


final  t 
Lewgtn 
Ihicknaoa 


Exposure 

Tima 


Calculated  Temperature 
Ratio  T{CALC>/T<OB3) 

Cold  Wall  ray  and  Riddell 
Heat  Trane  far  Heat  Transfer 
.  Coefficient  Coalite  lent 


686/642 

1030 

1.25 

1.24 

711/603 

16)0 

1.24 

1.22 

494/6.1 

1039 

1.31 

1.30 

704/ 699 

1065 

1.19 

1.22 

563/325 

100? 

1.23 

1.22 

•-/... 

60 

1.17 

1.12 

430/423 

1740 

1.32 

1.27 

- 

60 

1.11 

l.U 

2*4/21? 

1740 

1.34 

1.20 

634/320 

325 

1.44 

1.2? 

460/135 

60  f) 

1.35 

1.24 

904/493 

1  BOO 

1  45 

1.27 

990/715 

1000 

1.45 

1.32 

230/1. 

300 

1.47 

1.32 

60 

1.19 

1.13 

377/318 

3226 

1.35 

1.23 

■••/-  — 

60 

1.17 

1.11 

300/304 

1740 

1.31 

1.24 

■••/ -- - 

60 

1.16 

1.10 

611/582 

1740 

1.24 

1.17 

-/••■ 

200 

1.22 

1.16 

605/66  3 

1600 

1.24 

1.19 

100 

1.1* 

l.U 

627/615 

1700 

1.24 

1,  18 

100 

1.19 

1.  14 

697/647 

1700 

1.26 

1.2) 

715/391 

1000 

1.16 

1.12 

4*>4/16j 

500 

1.22 

1.13 

540/223 

300 

1.20 

1.16 

934/643 

1000 

1.27 

1.10 

*TraMmi,eelvliy  lactor  vRuale  0.04  lor  aapphire  window. 


Fiaal  Lengtn  la  uaaaii  on  measurement  prior  to  sectioning!  tnicknsas 
relere  to  Ungtn  alter  uectlonlng. 


910*-40W(H.2)) 

-1M  4400 

•2M  3993 

•»M  5535 

•4M  1W1 

-3M  1060 

•6MA  5290 
•4MB  4433 
-7UA  1120 
-7MB  4440 
•OR  4220 
■OR  41  JO 
-10R  1440 

-11R  3140 
-UR  4400 
-I3MA  3400 
-13MB  4420 
-14MA  3191 
-14MB  4500 
-17MA  4990 
•  17MB  4460 
-10MA  4390 
-10MB  4100 
-19MA  4750 
-19MB  4540 
-20  UA  4450 
-20MB  4140 


17 

-31 

•10 

-2 

US 


*  44 
ill 
547 
94 
14 
701 


•21R 

-22R 

-23R 

•24R 


3335 

3000 

3990 

3300 


5 

294 

Sll 

470 

44 


40 

11 
2 

12 
173 


494 

379 

544 

114 

10 

470 

140 

50t 

100 

*24 

71 

91 

301 

520 

470 

34 


Degradation 
Made 


Oxidation 

Oxidation 

Oxidation 

Oxidation 

Oxidation 

Onidatloa 
OrU  4  Flaw 
Oxidation 
On  Id  a  Flaw 
Onidatloa 
Oxidation 
Onidatloa 
Onidatloa 
Oxidation 
Oxidation 
On  id  ♦  Flaw 
Oxidation 
Onld  4  Flow 
Oxidation 
Ox  id  ♦  Flow 
Onidatloa 
Oaid  ♦  r  low 
Onidatloa 
Onld  4  Flow 
Oxidation 
Ox  id  4  r  low 
Oxidation 
Oxidation 
Oxidation 
Oxidation 


Exposure 
Tima 
aacoi 


1030 

1030 

1039 

1045 

1017 

40 

1740 

60 

1740 

325 

400 

uoo 

1400 

300 

40 

1224 

43 

1740 

40 

1740 

200 

1400 

100 

1100 

100 

1700 

1800 

500 

300 

HOC 


Race*  aloe 
Rata* 


mil*  /  wilt 
aac  JO  min 


Deacrtptlon  of  Motion  Picture  FUm  Cuverane 


•-/•JO  alight  e u( lace  activity 

••/It  alight  surface  activity 

••/ 3  »emi  flaking  and  liquid  lata  In  run 

••/2i  alight  bubbling  at  edge,  Uttla  activity 

•  •/207  uniform  oxidation  at  angle  to  cylinder  axle*  aagglng  oj 

•  pecimenduo  to  fracture  at  atlng.  eventually  fail  oil 
seme  surface  activity  and  molting 

-/30I 

alight  surface  activity  and  molting 

■--/2I94 
•— /1432 
.—/H4 

—/IB 
.— / 404* 

— /-— •  malting,  recoaeion  at  angla 

— /J4» 

»•/■•••  melting,  recoaeion  at  angle 
-/307 

no  film  coo# rage 

— / 140 

■  >-/----  alight  eurface  activity 

— / 19 

.—/—-»  lurlaco  activity 
—{71 

aurlaco  activity 

— /si 

301  uniform  heating  and  rece«*ion 

10?  2  uniform  heating,  con  a  ids  table  recession 

2020  uniform  heating,  considerable  re:eealon 

54  uniform  heating,  little  activity 


Recoaeion  rato  converted  to  30  mlntd««  on  linear  baaie, 
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TABLE  37 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  Hf-20Ta-2Mo  (1-23) 


Mturiil 
Sample  No. 

Aiiumtd  P 

Emittanc*  Mack-  • 
at  X  «  0.65|4  No.  atrn 


Hi  -  20Ta  -  ZMo  (1*2)) 
«  a  0.51 


*«  D 
BTU  (in) 

TV 


\w  T 
BTU  °R 
ft^uec  oh* 


’r 

Surface 

Radiation 

BTU 

ft^aec  _ 


*  N 

Computed 

Normal 

Emltiance 


Initial 

length 

TEIcmil 

(mil*) 


(mil*) 


Calculated  Temperature 
Ratio  T(CALC)/T  (OBS) 

Cold  Wail  Fay  and  Riddell 
Exposure  Heat  Transfer  Heat  Transfer 

Time  Coefficient _  Coefficient 

'seconds) 


26MI 

0.2# 

1.05 

1640 

0,460 

438  4965 

152 

0.53 

914/914 

1800 

1,07 

2  6  Mil 

0.29 

1.05 

3B60 

0.450 

458  5265 

187 

0.52 

1800 

1.03 

26MU1 

0.29 

1.05 

4020 

0.450 

46  2  526  5 

172 

0.48 

...... 

1800 

26MIVA 

0.2# 

1.05 

1190 

0.450 

450  3370 

174 

0.44 

1350 

26MIVb 

0. 28 

1.05 

JJ70 

0.450 

396  3000 

147 

0.  50 

880/745 

450 

1.03 

27MI 

0.  JO 

1.05 

3  ISO 

0.450 

190  4065 

79 

0.6? 

948/947 

1800 

1.26 

1.25 

27M1I 

0.29 

1.05 

J300 

0.450 

400  4370 

130 

0.7(. 

...... 

1B00 

2  7  Mill 

0.  JO 

1.05 

3300 

0.450 

410  4756 

180 

0.75 

1276 

27M1V 

0.  )0 

1.05 

1510 

0.  450 

192  1825 

207 

0.81 

1320 

1,09 

27MV 

1.05 

1420 

0.450 

430  5020 

213 

0.71 

...... 

IB00 

27MVI 

0.  10 

1.05 

3340 

0.450 

413  4870 

U.8 

0.63 

1800 

27MV1I 

0.  JO 

1.05 

3300 

0.450 

415  4940 

176 

0.63 

_ ! _ 

915/809 

1800 

1.04 

JQM 

1.04 

4030 

0.39/ 

470 

706/700 

---/111 

JIM 

0.21 

1.02 

3620 

0.390 

3  7  0  466  5 

112 

0.50 

70|/<|JS 

1800 

1,12 

J2M 

0.23 

1.02 

4080 

0.395 

416  1940 

174 

0  62 

718/714 

715/640 

1.11 

J7MH 

0.  jo 

1.05 

3460 

0.499 

648 

... 

665/95** 

---/O 

-30MH 

0.21 

1.02 

3220 

0.513 

4  3  5  46  90 

101 

0.44 

752/398** 

770/3*0 

1800 

1.12 

1.05 

41M 

0.21 

1.04 

3/60 

0.199 

443  .... 

... 

---/  0 

42  M 

0  .  Jl 

1.05 

1190 

0.390 

430  .... 

... 

... 

-• -/350 

45MS 

t',  30 

1.05 

3700 

0.450 

445  3715 

44 

0.49 

791/102** 

804/  91 

1800 

1.45 

1.44 

46MS 

0.  JO 

1.05 

3760 

0.450 

470  4210 

72 

0.49 

794/395** 

802/182 

1800 

1.30 

1.28 

0.19 

1.02 

1660 

0.503 

452  4S05 

128 

0.66 

1.21 

-54M 

0.28 

1.04 

1000 

0.504 

455  4665 

136 

0.61 

•  55  M 

0.21 

1.04 

3620 

0.607 

455  4870 

156 

0.  59 

79,/ 40, •• 

812/ J70 

1800 

1.12 

1. 10 

•  Final  length  refer*  to  measurement  after  exposure;  thickness  refer* 
tu  lection  length, 

♦*  Noae  to  in- depth  temperature  measurement  atatinn, 


Material 

T 

Grols 

Material 

Degradation 

Exposure 

•ample  No, 

°F 

Rece**lon 

Rrceialon 

Mode 

Time 

Recession 

(mill) 

(mil*) 

ItHOtltU 

Rate* 

Description  of  Motion  Picture  Film  Coverage 

4f'20Ti*2Mo(l-21) 

ml  la 

JO  min 

26M1 

4605 

Oxld.+Mett. 

1800 

Oxidized  rapidly,  aunburat  formed,  edge  melting  continued. 

26M1I 

4805 

Oxid .  +Mell . 

1000 

Oxide  broke  off,  new  aunburat  formed,  alow  melting  continu 

26MI11 

4805 

Oxidation 

1800 

Slight  spalling,  continuous  alow  melting, 

26M1VA 

4910 

Oxidation 

1350 

Slight  spalling,  continuous  alow  melting, 

26M1VB 

4540 

34 

169 

Oxidation 

450 

42 

27M1 

3605 

— 

... 

Oxidation 

1800 

Edges  hut te-  than  center. 

27MI1 

3910 

Oxidation 

1800 

Uniform  oxide  formed,  edge*  melted,  arnall  aunburat. 

27  Will 

4295 

Oxidi  ♦Melt, 

1276 

— 

Oxide  broke  off,  alowly  melted  Into  aunburat. 

27MJV 

4165 

... 

Oxidation 

1320 

Slight  melting  of  oxide,  >  ,1c  change. 

27WV 

4560 

Oxid.+Melt, 

1800 

Moat  of  oxide  broke  off,  oxide  melted  into  aunburat. 

27MVI 

4410 

Oxid.  ♦Melt . 

1000 

Some  oxide  broke  off,  continuous  oxide  melting, 

27  W  VII 

4410 

Jl 

1)0 

Oxtd.  ♦Melt. 

1BOO 

21 

Pieces  of  oxide  broke  off,  continuous  oxide  melting. 

10M 

509 

Melting 

9 

117800 

Rapid  melting. 

31M 

4205 

•  8 

47 

Oxidation 

1800 

47 

Edge  melting,  aunburat  formation,  alow  melting. 

1/M 

4410 

1 

74 

Oxidation 

1800 

74 

Edge  melting,  aunburat  formation,  alow  melting , 

37MH 

95 

Melting 

0 

21400 

Rapid  melting. 

38MH 

42)0 

18 

40 

Oxidation 

1000 

48 

Oxidised  over  3/0"  diam,  apot,  alow  melting 

41M 

... . 

100 

Melting 

0 

24)00 

Rapid  melting. 

42  M 

390 

Melting 

9 

79600 

Rapid  melting. 

45MS 

3259 

•  II 

ll 

Oxidation 

1800 

11 

Little  visible, 

46  MS 

3750 

■  8 

13 

Oxidation 

1800 

l  3 

Little  visible. 

53  WH 

4045 

-4 

57 

Oxidation 

1800 

57 

Rough,  heavy  oxide  over  cut. re  noae. 

64M 

4205 

■  15 

42 

Oxidation 

1800 

42 

Edges  melting  continuously,  small  aunburat. 

65M 

4410 

•  17 

)h 

Oxidation 

1800 

36 

Edge*  melting  continuously ,  small  sunburst, 

*Reveaaion  rate  converted  to  JO  minutes  on  linear  bait*. 
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TABLE  38 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  Hf-20Ta-2Mo  (1-23) 


Material  . 

Sample  No, 

Anumrd  w  ,  <!_ 

Emittance  Mach  e  e  D  T 

it  1  »  0.63u  No,  aim  BTU  |in)  BTU  R 

ft^4*C  Ob* 


Hf  -  20 Ta  -  2 Mo  (1-23) 
«  ■  0,  55 


\  *  N 


Surface  Computed 

Radiation  Normal 

BTU  Emittance 


"hicEne  «  •  Thickness 

(mil*)  (mill) 


Calculated  Temperature 
Ratio  T(CAIjC)/  T  (<*3) 
Cold  Wen  Fay  and  fUddell 
Exposure  Heat  Transfer  Heat  Tranalex- 
Time  Coefficient  Coefficient 

(seconds)  "  '  " 


-28RI 

2.2 

0.132 

7590 

0.451 

403 

4795 

141 

0,57 

1229/910 

1000 

1.24 

1.27 

-  28RII 

2.2 

0.132 

7450 

0.451 

394 

4715 

141 

0,61 

--/--- 

..-/— 

1000 

1.25 

1.2S 

-Z3RII1 

2.2 

0.  132 

7410 

0.451 

394 

4500 

113 

0,  59 

.../— 

1820 

1.  31 

1.34 

-28RIV 

2.2 

0.  137 

7900 

0.451 

403 

4585 

126 

0.61 

1225/  855 

1000 

1.  30 

1.35 

-29RI 

2.2 

0.  195 

7400 

0.451 

354 

432  5 

109 

0.  6f 

1275/951 

---/--- 

1800 

1.33 

1.45 

-29R1J 

2.2 

0.195 

7400 

0.  451 

354 

4455 

121 

0.65 

....... 

1000 

1.30 

1.41 

-29RHI 

2.2 

0.195 

7400 

0.451 

354 

4630 

136 

0.63 

— 

1800 

1.23 

1.36 

•29R1V 

2.2 

0.  195 

7330 

0.45) 

360 

... 

... 

-.-/., 10 

310 

... 

... 

•  33K 

2.2 

0.141 

6060 

0.390 

360 

4290 

83 

0.52 

1027/709 

1039/690 

1000 

1.32 

1.35 

-34R 

2.2 

0.151 

8000 

0.  390 

409 

4871J 

130 

0.  4? 

1029/72! 

1056/705 

1000 

1.23 

1.31 

-35R 

3.2 

0.057 

9580 

0.  391 

440 

4070 

59 

0.  46 

1040/728 

1050/717 

1800 

1.51 

1.49 

-36RA 

3.2 

0,080 

9150 

0,391 

509 

3975 

56 

0.48 

1106/787 

.313 

t.  59 

1.56 

-36RB 

3.2 

0,080 

9150 

0,391 

509 

4940 

167 

0.60 

1121/  5  63 

3  80 

1.28 

1.26 

-39RH 

2.2 

0.137 

6740 

0.504 

412 

4080 

94 

0.72 

982/97*e 

5,8/75  , 

1000 

1.44 

1.56 

-40KH 

2.2 

0,132 

6950 

0.505 

386 

4070 

99 

0.77 

1025/407*. 

1025/  38 1  + 

1000 

1.43 

1.57 

-4  JR 

2.2 

0.140 

76  90 

0.400 

403 

4440 

118 

0.64 

1065/10,.. 

1087/  ,3 

1000 

1.34 

1.40 

-44R 

2.2 

0.132 

6800 

0.401 

403 

5070 

)ko 

0.68 

1276/394** 

1306/365 

1000 

1.16 

1.17 

•  47RS 

2.2 

0.222 

7340 

0.440 

493 

4735 

152 

0.  64 

1016/102** 

1033/6, 

1000 

1.31 

1.35 

■  48RS 

2.2 

0.229 

7090 

0.440 

498 

4735 

152 

0.64 

1061/39,** 

1076/373 

1000 

1.30 

1.34 

-49RH 

2.2 

0.111 

7480 

1,  000 

408 

4185 

101 

0.  71) 

1167/205** 

1175/  182* 

1800 

1.42 

1.44 

.  50RHS 

2.2 

0.115 

5750 

1.000 

402 

4280 

106 

0.67 

1217/, ••« 

1230/73*. 

1800 

1.34 

1.30 

-SIRH 

2.2 

0,1)4 

6900 

1.000 

398 

4255 

123 

0.80 

12,0/357,* 

1295/373^ 

Igno 

1.30 

1.38 

-52RHS 

2.2 

0.118 

5890 

1.000 

398 

4420 

128 

0.71 

1346/1,,** 

1368/  37J* 

1803 

1.30 

1.27 

♦  Final  length  fr/er •  to  measurement  after  expoeure;  thickness  rs?< 
to  section  length. 

“•  Nose  to  in»depth  temperature  meaeurement  station. 

♦  Estimated. 


Degradation  Exposure 

,  Mode  T«me 

s«-<  ...iTTT" 


R«  >  citJon 
Rato 


Description  of  Mutlun  Picture  Film.C overage 


Material 

T 

GrnHN 

Materia 

Sample  Nu 

°r 

Recension 

Rvcrxxio 

Imilf } 

(mils) 

Hf-20Ta  * 

2Mo(I-2J) 

-28R1 

4335 

•  28R1I 

4245 

-2BRJIU 

4040 

. .. 

-20RIV 

4125 

4 

55 

-29R1 

3860 

-29RII 

3995 

... 

— 

-Z9RI1J 

4170 

... 

-  -  - 

•  29R]  V 

. .  • 

— 

41 

-  3  JR 

3030 

-12 

19 

•  34R 

4410 

-27 

12 

’  35R 

3610 

-10 

11 

•  36  RA 

3515 

— 

-36RB 

4400 

•  15 

24 

-39RH 

3620 

■6 

-40RH 

3410 

0 

tl 

-43R 

3980 

-  22 

Zb 

-44R 

4610 

•  30 

29 

-47RS 

4275 

-15 

37 

-40RS 

4275 

-17 

26  + 

•  49RH 

3725 

■8 

2  3+ 

-50RHS 

3820 

-13 

25j 

■  51RH 

3795 

-15 

24+ 

-  62RHS 

3960 

-10 

26 

4  Estimated. 


Oxidation 

1000 

... 

Oxidation 

1800 

... 

Oxidation 

1020 

_ 

Oxidation 

1000 

14 

Oxidation 

1800 

Oxidation 

1000 

Oxidation 

1000 

... 

Oxidation 

310 

13 

Oxidation 

1800 

19 

Oxidation 

1600 

12 

Oxidation 

1000 

1) 

Oxidation 

313 

... 

Oxidation 

380 

62 

Oxidation 

1000 

224 

Oxidation 

1000 

n 

Onldation 

1000 

26 

Oxidation 

1000 

29 

Oxidation 

1000 

37 

Oxidation 

1000 

264 

Oxidation 

1000 

43t 

Oxidation 

1000 

»+ 

Oxidation 

1000 

2\ 

Oxidation 

1003 

26V 

Heavy  oxide  buildup. 

Some  oxide  broke  off,  reformed, 

Some  oxide  broke  off,  reformed. 

Some  oxide  broke  off,  reformed. 

Uniform  oxide  buildup. 

Oxide  broke  off,  reformed  uniformly. 

Oxide  broke  off,  reformed  uniformly. 

Oxide  broke  off,  reformed  uniformly. 

Slow,  uniform  oxidation. 

Some  oxide  melted  at  edges,  little  activity. 

Little  activity. 

Little  activity. 

Oxide  continuously  melted  at  edges 
Light  oxide  •  lowly  formed  over  1/4"  diem.  spot. 
Light  oxide  elowly  formed  over  l/4"  diem.  spot. 
Oxidised  uniformly,  little  activity. 

Oxidised  uniformly,  little  activity, 

Shroud  relatively  cold,  sample  oxidised  uniformly. 
Shroud  relatively  cold,  sample  axidisad  uniformly. 
Light  oxide  formed  over  1/4"  diam,  spot. 

Oxidised  over  3/0"  diam,  spot. 

Little  visible, 

Oxidised  over  l/2"  diam,  spot. 


^Recession  rate  converted  to  30  minutes  or  linear  basis. 
^Estimated, 
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TABLE  39 


SUMMARY  OF  ARC  PLASMA  EXPOSURES  OF  Ir  ON  C  (1-24) 


Material 

Computed 

Normal 

Sample  No. 
Assumed 
Emit  tan'  e 

Mach 

P 

e 

i 

D  1 

T 

% 

Surface 

Radiation 

st  -•  u.65v 

No, 

atm 

BTU 

(In)  BTU 

°R 

BTU 

Emit  tunc 

"IF" 

(7 

sec 

obi 

ft  sec 

Ir/Graphite 

(1-24) 

«  .  0, 30 

-9M 

(1.31 

1.06 

3450 

0.521 

525 

6455 

93 

O.li 

-10MA 

6,20 

1.02 

2985 

0.521 

345 

4825 

90 

0.35 

-IOM0 

0.20 

1.02 

2985 

0.521 

345 

4680 

61 

0.27 

-I1M 

0.16 

1.02 

3620 

0.525 

310 

4590 

91 

0.44 

•ISM 

0.16 

1.02 

3140 

0.523 

310 

4995 

99 

0.  34 

*  16  M. 

0.15 

1.00 

2185 

0.521 

310 

4640 

as 

0.40 

-17  F  . 

3.2 

0.002 

8550 

0.521 

98 

3980 

62 

0.51 

-19RA;. 

3.2 

0.008  12260 

0.519 

302 

5395 

122 

0.  31 

•19R  A. 

3,2 

0.008  12260 

0.519 

302 

4800 

197 

0.79* 

-22RAl+ 

3.2 

0.0)6 

12960 

0.525 

606 

5780 

79 

0. 15 

-22R0  + 
•24R! 

3.2 

0.016 

12  960 

0.525 

506 

5100 

276 

0.874 

3.2 

0.004 

9190 

0.520 

155 

4605 

98 

0.46 

-30R 

3,2 

0.004 

12220 

0.518 

194 

4875 

109 

0.41 

•  414 

0.18 

1.02 

2810 

0.520 

287 

4810 

76 

0.  30 

-12M 

0,17 

1.01 

2950 

0.519 

257 

4575 

46 

0.22 

-MM 

0,  IB 

1.02 

2930 

0.521 

287 

4590 

94 

0.45 

-2SM 

0.  IB 

1.01 

2750 

0.636 

266 

4615 

98 

0.46 

-36M* 

0,21 

1.02 

3450 

0.520 

310 

4645 

92 

0.42 

-J7K° 

•jr; 

0,27 

1.04 

3300 

0.520 

355 

4835 

118 

0.46 

2 

0.  106 

6230 

0.507 

250 

4446 

69 

0,  38 

-25r! 

2.2 

0.099 

5650 

0.515 

201 

43 

0.44 

-27R? 

2.2 

0.097 

5790 

0.521 

196 

37?-. 

43 

0.44 

-29R  m 

2.2 

0.097 

5900 

0.525 

190 

3820 

43 

0.41 

-36MRA.. 

0.20 

1.02 

3160 

0.520 

300 

4450 

103 

0.56 

-36MRB** 

0,42 

1.10 

3250 

0.520 

515 

5310 

213 

0.62 

+  Transmissivity  factor  equals  0.86  for  sapphire  window, 

*  After  coating  burned  off ■  pyrometer  was  sighting  thr  graphite  substrate. 

Emit  tame  of  0.  75  was  used  for  thr  PtKO  Graphite  (B-10), 
n  Coating  composition  50%  HfO,-50%Ir,  t  *  0.50  at  X  »  0.65p, 

*•  Reruns,  conditions  gradually  changed  from  (A)  to  (B). 


Initial 

Length 

Finely 

Length 

Exposure 

Time 

Calculated  Temperature 
Ratio  T(CALC)/T(OBS) 
Cold  Wall  Fay  and  Riddel 
Heat  Transfer  Heat  Transfei 
Coefficient  Coefficient 

Thickness 

ThicKneag 

(seconds] 

(mils) 

(mils) 

702/702 

393/330 

105 

0.93 

0.89 

68, /tB? 

.../... 

400 

1.13 

1.09 

1400 

1.16 

1,12 

684/(84 

679/596 

1800 

1.22 

1.21 

695/695 

1800 

1.09 

1.05 

695/695 

690/647 

1800 

1.06 

0,96 

999/1005 

1003/1005 

1800 

1.25 

1.13 

1001/1006 

30 

1.21 

1.07 

.../... 

672/665 

900 

1.11 

0. 98 

990/999 

.../... 

12 

1.27 

1.10 

.../... 

901/913 

120 

1. 18 

1.01 

1000/1004 

995/1007 

1800 

1.20 

1.07 

1019/!026 

1027/1023 

1600 

1,22 

1,10 

695/697 

692/693 

600 

1.09 

1.06 

701/700 

699/698 

1800 

1.14 

UJ 

701/701 

698/698 

1200 

1.15 

1.13 

699/698 

696/694 

1800 

Ml 

1.09 

699/699 

695/695 

1800 

1.09 

1.10 

688/686 

694/--- 

1800 

1.07 

1.06 

1001/688 

981/  ••• 

1800 

1,34 

1.40 

1002/702 

997/897 

600 

1.  48 

1.57 

1002/703 

1002/702 

1200 

1.  •» 

1. 58 

1017/712 

1011/705 

1795 

1.47 

1.58 

695/695 

-•-A-- 

1.12 

l.tl 

/... 

889 

1.03 

0.99 

**  Too  distor'ed  to  me.  sure  due  to  partial  coating  burn-off  and  irregular 
graphite  ablation. 

*  Final  length  refers  to  sample  length  prior  to  sectioning;  thickness 
refers  to  section  length. 


Material 

T 

Gross 

Mati-rtal 

Degradation 

Exposure 

Sample  No, 

JV 

Recession 

Recent*  ion 

Mode 

Time 

mile 

mils 

Seconds 

lr/Grap:it:c(]< 

-24) 

-9M 

5995 

309 

372 

Melting4C  Abl  i 

itlon  105 

•10MA 

4365 

S3* 

Ir  Ablation 

400 

- 10  Mb 

4220 

C  Ablation 

1200 

- 1 1 M 

4130 

-  5 

•6 

Oxidation 

18R0 

-I3M 

4535 

Jr+C  Ablation 

UOO 

-MM 

4110 

-  5 

48 

Oxidation 

1(100 

-I7R 

3520 

-  4 

0 

Oxidation 

1800 

-  19RA 

4935 

... 

13* 

lr  Melting 

30 

•  I9R0 

5340 

329 

JOB 

C  Ablation 

900 

-22RA 

5320 

— 

26* 

lr  Melting 

12 

-2ZR0 

4640 

89 

60 

C  Ablatio* 

120 

-24R 

4145 

5 

-  3 

Oxidation 

1800 

-3QR 

4415 

-  a 

3 

Oxidation 

1800 

-4M 

4350 

3 

4 

Oxidation 

60U 

-12M 

4115 

2 

2 

Oxidation 

1800 

-  IBM 

4130 

3 

3 

Oxidation 

UOO 

-2  JM 

4155 

1 

5 

Oxidation 

1600 

•  36M 

4185 

4 

4 

Oxidation 

1800 

-37M 

4375 

-  6 

Oxidation 

1800 

-  JR 

3915 

20 

... 

Melting 

1800 

-25R 

3)45 

5 

5 

Oxidation 

600 

-27R 

3335 

0 

1 

Oxidation 

1200 

-29R 

3)60 

6 

7 

Oxidation 

1795 

-36MRA 

3990 

... 

Oxidation 

... 

-36MRA 

4810 

... 

Melting 

889 

•  Based  an  origins!  coating  thickness 


kcioiejon 

Rate 

Description  of  Motion  Piet  ire  Film  Coverage 

30  min 

6  37  7 

F'-unt  face  melted,  coating  burn-ofl  continued  to  sides, 
Some  molten  le  on  carbon. 

14V 

Dark  spots  on  front  face  grew  during  run,  one  edge 
melted  and  formed  hole  which  spread  across  front  face 

66 

Dark  spots  kept  forming  and  disappearing  except  for 
one  (n  center  which  grew  near  end  of  run. 

.... 

Coanng  melted  off  front  face  in  an  irregular  manner 
leaving  large  hole, 

48 

Dark  spot*  formed  and  dieappeared;  canter  patch 
expanded  to  edge,  then  most  of  front  face  as  coating 
burned  off. 

0  Uniform  besting i  little  activity . 

I  IBS  Coating  gradually  melted  off  front  face  then  sides. 

616  Graphite  ablation, 

3900  Rapid  melting  of  coating  front  front  and  eides, 

900  Graphite  ablation. 

0  Uniform  heating,  little  activity. 

3  Uniform  heating,  little  activity. 

i2  Little  activity. 

2  Little  visible,  ■  lightly  mottled  appearance. 

4  Little  activity,  uniform  heating , 

5  Little  activity,  uniform  heating. 

4  Little  activity,  some  roughening  of  surface, 

•---  Uniform  heating,  some  roughening  of  surface. 

-  Coating  failed  around  edge,  not  in  center. 

16  triform  heating,  little  activity, 

2  Uniform  heating,  little  activity . 

7  Uniform  heating,  lilt  la  activity. 

Droplets  and  hot  spots  at  edges, 

-  Apparent  tellur e  near  edge  spread  inward, 

•  Recession  rate  converted  to  10  minutes  on  linear  basis. 


TABLE  40 

SUMMARY  OF  IN- DEPTH  TEMPERATURE  EXPOSURES  OF  ZrB?|A-3) 


TABLE  41 

SUMMARY  OF  IN-DEPTH  TFMPFHATl.  AF.  EXPOSURES  OF  H/b,  ,  «  20*S»C(A-7) 


Material 
5a:nple  No. 

Maumru  Nuae 

Ermltance  at  Thickness 
X  =  0  .  15p  (Inches) 


=  <?.  5? 

•  IMC 


T 

T* 

Time 

Mp 

°R 

(Sec  urn 

ttrface 

In  Depth 

4400 

200 

4M0 

390 

4850 

.... 

425 

4920 

.... 

520 

5040 

.... 

600 

5080 

.... 

700 

91  10 

.... 

1300 

5150 

.... 

1500 

5150 

IftCO 

4590 

3110 

1  JO 

4560 

3)10 

350 

4370 

3130 

900 

4490 

3 110 

600 

4750 

3220 

900 

4770 

3300 

1000 

4810 

3340 

1390 

4790 

3280 

1690 

4910 

3)10 

1790 

4930 

3400 

1800 

4770 

80 

4960 

110 

1030 

3810 

600 

4980 

3740 

700 

1010 

3700 

1000 

1060 

3720 

1274 

9190 

3740 

1600 

4170 

)710 

1800 

63-50 

4420 

20 

1)40 

1) 

Zrl3,  ,+20%StC(A-8} 
«  -  u.'6u 


UTU 

lb, 


ii  ru 

ft  sec 


Time 

{Srctindn) 


Surface,  I ii- Depth 


Z1H 

-29M 


0.091 

5280 

310 

3580 

3190 

Hi  7 

3120 

3280 

174 

3510 

3270 

976 

3490 

3250 

1255 

3470 

3230 

15)5 

3510 

3310 

17)5 

0.  399 

54)0 

370 

3560 

3080 

715 

3570 

3070 

958 

3560 

3010 

1275 

3580 

3010 

1552 

3510 

3010 

1748 

0. 102 

7970 

492 

3090 

2950 

600 

3140 

2910 

1200 

3  380 

i«no 

0.400 

7  350 

492 

in  io 

2180 

600 

322(1 

2180 

1200 

4140 

21H0 

1800 

0.096 

5)50 

398 

3960 

3  340 

340 

3930 

J210 

105 

Pot  oil) - 

1 0)  Graph) 

if  shroud 

rumple 

Dilya  lilatcd. 

500 

3790 

3250 

616 

3740 

3290 

9B5 

1710 

3210 

1218 

3710 

3210 

1724 

0.399 

4840 

390 

3000 

2470 

185 

2990 

2550 

149 

297  5 

2450 

940 

2975 

2550 

1251 

2990 

2580 

1541 

2975 

2570 

1701 

0.099 

7390 

440 

3110 

2  8  JO 

600 

3110 

2820 

1200 

3110 

2820 

1800 

0.399 

7270 

437 

3210 

2720 

100 

3240 

2720 

1200 

3210 

2720 

1800 

Material 
Sample  No. 

/taautned  isose 

Emiiuni'f  Thickness 
al  X  -  Q.  6*1)1  (Inches) 


Hf»,  ,420%S>C(A-7) 
«  -  u:£o 


BTU 

fl^aec 


31MH 

0.  109 

1500 

51) 

*210  3950 

249 

4370  390U 

690 

Si  ah  ti  no 

hole  berar 

nr  blocked,  no  further  measurements  - 

37MH 

0,  405 

36  40 

494 

4070  3510 

)50 

42)0  3970 

671 

Sighting 

huh-  becar 

nr  blocked 

,  no  further  meatu 

remsnts . 

38RM 

0,  100 

8280 

497 

3070  ---• 

600 

3050  .... 

1200 

3050 

1000 

39RH 

0,401 

6540 

487 

32)0  2780 

600 

3200 
1190 
4091 
4171 
4)40 
4100 
4M1 
4170 
1910 
42)0 
456  5 
4161 
4870 


2000 

2060 

)620 

1040 

3910 

.1970 

3990 

)970 

3110 

3550 

3660 

1610 

3690 


1200 

1000 

499 

660 

901 

1274 

1991 

1670 

31) 

611 

1004 

1219 

1936 


0.10-1  4510 

Rapid  Melting 


Assuming  «  =  1.00  at  in-depth  temperature  measurement  station. 


TABLE  42 

SUMMARY  OF  IN-DEPTH  TEMPERATURE  EXPOSURES  OF  /.r|3.  . +203YSiC<A.  «> 


Material 
Sample  No. 

Assumed  Nose 
Eminence  Thickness 
nl  X  ~  0, 61|i  {Indies) 


5010 

3010 

1695 

•  42R 

0,  102 

7140 

49H 

3110 

600 

3110 

2860 

1000 

mo 

I860 

1500 

-43R 

0,400 

7420 

50) 

3230 

26  80 

600 

32  30 

2690 

(200 

3260 

2700 

1*00 

-  14MS 

0.  101 

4  110 

49  3 

3250 

3070 

666 

32)0 

12)0 


3070 

3060 


998 

10)6 


32)0 

3050 

127) 

3230 

3050 

1545 

1220 

3060 

1727 

14  MS 

0.  399 

•4480 

522 

3340 

27  80 

1)6 

3  305 

2790 

367 

3270 

2750 

678 

3260 

2740 

962 

3250 

2750 

1 Z9  3 

32  30 

2740 

1700 

41/tS 

0.097 

5750 

503 

3450 

3)20 

600 

37  30 

3160 

1200 

47R.S 

0.-100 

6290 

489 

3660 

2910 

600 

3580 

2860 

1200 

3660 

28)0 

1800 

■48RII 

0.  100 

7030 

492 

30)0 

2900 

600 

3000 

2850 

1  zoo 

2970 

2840 

1800 

50R 1 1 

0.401 

7250 

492 

2970 

2000 

600 

4950 

2750 

1200 

2940 

2780 

1800 

49ftHS 

0.  101 

6800 

512 

3320 

3000 

600 

3310 

3000 

1200 

3)10 

3010 

1800 

5 1  HUS 

0.  399 

6410 

497 

3200 

2670 

600 

3190 

2660 

1200 

3180 

2640 

1800 

Assuming  «  ■  1.00  at  Uudepth  temperature  measurement  station, 


Assuming  <  *  1.00  at  in*depth  tem|>eraturc  measurement  station. 
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TABLE  44 


TABLE  43 

SUMMARY  OF  IN  DEPTH  TEMPERATURE  EXPOSURES  OF  ErBj+SiOClA-  10) 


SUMMARY  OF  IN-DEPTH  TEMPERATURE  EXPOSURES  OF  RVA(B-S) 


Material 
Sample  No. 


Aaeumed 

Hoee 

EmUtaaee 

Thickness 

‘e 

qcw 

T 

T 

Time 

at  X  -  0,65* 

(Inches) 

BTU 

BTU 

°R 

°R 

{Second#) 

lb. 

iTiic 

Surface 

In-Depth 

l  rB,+5iC4C(A- 10) 

•  »  u.  AC 

-34MH 

0.  |02 

3950 

416 

3930 

3620 

352 

3975 

36  90 

650 

3910 

3690 

956 

4110 

3770 

1253 

3975 

3620 

1545 

397  5 

3630 

1685 

-35MH 

0.391 

3500 

420 

3040 

3290 

340 

7040 

3270 

661 

3*00 

3310 

940 

3940 

3300 

1252 

3960 

3330 

1541 

3960 

3)20 

1666 

-34RH 

0.  109 

7250 

492 

3110 

2000 

600 

3  370 

3040 

1200 

3770 

3200 

1000 

-37RH 

0,  391 

7710 

482 

3160 

2649 

600 

3260 

2900 

1200 

3740 

2980 

1000 

-  ISM 

0.0<* 

3*70 

400 

3665 

3480 

377 

3790 

3490 

639 

3010 

3520 

950 

3040 

3540 

1269 

3040 

3550 

1571 

3040 

3550 

1604 

-39M 

0.309 

3990 

400 

-.000 

3010 

370 

4260 

3289 

665 

4150 

3360 

939 

4450 

3430 

1276 

47  10 

3450 

1545 

4745 

3440 

1601 

-40R 

0.  101 

6320 

493 

4630 

3370 

600 

4140 

3430 

1200 

5020 

3360 

lano 

-41R 

0.400 

6460 

495 

5130 

2930 

600 

5210 

29)0 

1200 

4170 

2930 

1000 

-42143 

0.  102 

4000 

393 

3020 

2820 

161 

3000 

2960 

400 

2990 

2920 

663 

3000 

2930 

943 

2945 

2*90 

1264 

2930 

2890 

1555 

2920 

2810 

1700 

-4JMS 

0.395 

4040 

403 

2965 

2540 

210 

3010 

2600 

665 

2920 

2530 

961 

2965 

2660 

U61 

3010 

2570 

1545 

3060 

2600 

1697 

-44RS 

0.094 

74'JO 

495 

3850 

3120 

600 

4670 

3200 

1200 

4750 

3220 

1000 

-  45  AS 

0.399 

7470 

491 

3880 

2800 

600 

5130 

2870 

1200 

-44  AH 

4210 

2070 

1000 

0.10* 

7220 

501 

3050 

2900 

600 

3060 

3020 

1200 

3110 

3020 

1000 

-4SRM 

0,404 

6350 

492 

3030 

2740 

600 

3010 

2750 

1200 

3000 

2770 

1000 

-47AK5 

0.103 

6010 

507 

4060 

3040 

600 

4130 

31*0 

1200 

-44RHS 

4830 

3210 

1000 

0. 392 

6010 

522 

3210 

2820 

600 

4150 

2820 

1200 

4190 

2030 

1100 

Material 
Sample  No  < 


Aaeumed 

Non 

Emittance 

Thickneaa 

*• 

qcw 

.  T 

Time 

at  X  .  0.65u 

Unchea) 

BTU 

BTU 

°R 

* 

(Second*) 

lb. 

ft^  sec 

Surface 

In-Depth 

RVA(B-i) 

«  «  0.05  {Below  SOM'T),  0. 75(3000  -3500  r)«  0, 65( Above  3500 

rj 

-  3  IM 

0.202 

2530 

135 

3200 

2060 

75 

3320 

2920 

95 

33(0 

3000 

(20 

3300 

3020 

147 

3310 

3050 

(65 

33(0 

3120 

2(2 

3310 

3100 

£32 

•  32M 

0.463 

2930 

135 

3400 

2730 

105 

3420 

2760 

115 

3440 

2700 

130 

3450 

2015 

145 

1470 

2835 

160 

3470 

2045 

17C 

3410 

2850 

100 

Aeeuming  «  »  1. 00  at  in-depth  temperature  measurement  atatlor 


TABLE  45 

SUMMARY  OF  IN-DEPTH  TEMPERATURE  EXPOSURES  Or  WStj/VUJ.  18) 


Material 
Semple  No. 
Aaeumed 
Emittance 
at  X  •  0,65u 

Noat 

Thickness 
(Inches ) 

l 

* 

BTU 

<W 

BTU 

•s 

•r 

•  Tima 
(Seconds) 

III, 

(i  eec 

Surface 

In-Depth 

WSi,/W(G-  IH) 

*  rn  0.60  {Below  3500  F) 

-17M 

0.  102 

3150 

320 

1620 

1160 

405 

3620 

3250 

636 

1630 

3250 

941 

3650 

3)10 

1245 

3600 

3310 

1545 

3600 

3)10 

1682 

-  10X4 

0.200 

3210 

316 

3490 

2960 

810 

3470 

3020 

1110 

3490 

3070 

1250 

3490 

3110 

I860 

3490 

3110 

(760 

-19MS 

0.096 

3)80 

HO 

2100 

2670 

243 

2050 

2760 

640 

20(5 

2740 

920 

2160 

2770 

1260 

2060 

2770 

1540 

2060 

2770 

(672 

-20MS 

0,200 

3160 

306 

2965 

2720 

(57 

2910 

2690 

359 

2030 

2670 

670 

1705 

2640 

950 

2850 

2660 

1263 

7770 

2440 

(545 

2760 

2620 

(707 

Assuming  e  ■  LOO  at  in-depth 


temperature  meaaurameat  etati-xi, 


*Aaeuming  «  •  1 .00  at  in- depth  t 


empcrature  measurement  elation. 


TABLE  46 


TABLE  47 

SUMMARY  OF  IN-DEPTH  TEMPERATURE  EXPOSURES  O T  Hf-lOTa -2Mo<I- 2  )> 


NUMMARY  OF  JN -DEPTH  TEMPERATURE  EXPOSURES  Or  HI-20Ta.2Uo<!.*3) 


Material 

Malarial 

Sample  No, 

Atiumtd  Noae 

EmJttance  Thlckneee 

T 

T* 

Time 

Sampla  No. 

Assumed 

Emittaace 

Noaa 

Thickness 

*. 

*cw 

.T* 

Tima 

at  \  •  0. 6 V  (Inch**) 

BTU 

btu 

°A 

°R 

(Seconds) 

*1  6  •  0.65*  (laches) 

BTU 

BTU 

°R 

•r 

jBacaud. 

lb. 

fl*eec 

Surface 

In-Depth 

lb 

ft^eec 

Surface 

la-  Depth 

M/-20T*  -  2Mo(l-  Z  J) 

Hl-20T*-2Uo 

l  *  0, 55 

«  e  0.55 

•1MC  0.097 

3220 

425 

3890 

>400 

(05 

-  53MH 

0.  too 

3560 

452 

4430 

3440 

119 

4230 

)605 

510 

4490 

3700 

650 

4665 

3795 

750 

4484 

3490 

941 

5085 

3940 

1200 

4800 

3470 

1269 

5170 

3920 

1400 

4460 

M70 

193) 

5220 

3990 

1800 

4460 

0694 

1710 

-2MC  0.093 

3350 

505 

4380 

36  2  5 

150 

-38MH 

0.398 

3220 

438 

4850 

1)90 

80) 

4695 

3740 

275 

4440 

1310 

941 

4890 

*740 

400 

4440 

1350 

1259 

5275 

3900 

600 

4440 

3)10 

1814 

5)10 

3740 

800 

4410 

I3S0 

1711 

5335 

3110 

900 

•  39RH 

0. 100 

6740 

412 

4100 

3840 

600 

5240 

3760 

1500 

4180 

MOO 

1200 

5310 

3640 

1800 

4160 

MM 

1000 

•  3MC  0.  10G 

>310 

510 

5030 

3840 

•0 

•  40RH 

0.410 

69M 

388 

4040 

)2T0 

400 

5205 

3190 

380 

4110 

3285 

1200 

5)35 

3900 

515 

4150 

3300 

6000 

5410 

3920 

1 IO0 

•  54M 

0.106 

>800 

488 

4440 

3810 

)«1 

5<?  15 

4075 

1330 

4610 

3440 

6*0 

5335 

4200 

14SSm 

4430 

M10 

1274 

5340 

4280 

1560** 

4440 

3880 

1844 

5550 

4500 

1565 

4650 

1560 

1740 

5670 

4880  - 

1570 

-8*M 

0.408 

3120 

455 

4760 

3210 

360 

5795 

(5140)* 

1575 

4000 

3250 

4ti 

•4MC  0.099 

>560 

480 

*770 

3600 

115 

4050 

3280 

946 

53)0 

3820 

360 

4870 

3250 

1254 

5195 

3720 

450 

4030 

3240 

1549 

5385 

3840 

800 

4000 

3260 

1711 

5265 

3810 

1200 

•43R 

0.120 

7690 

10) 

4270 

3870 

400 

5110 

3810 

1560 

4390 

3890 

1200 

5195 

3810 

1800 

4830 

3840 

1800 

•Aaaurrung  «  *  1,00  ai  in' 

•depth 

temperature  measurement  atatlon. 

•  44R 

0.399 

6800 

403 

4780 

4940 

.... 

400 

1200 

obaerved. 

8190 

.... 

1000 

+ Estimated 

-45  MS 

0.099 

3700 

448 

3880 

34)0 

3210 

3190 

170 

440 

34)0 

3170 

947 

3470 

3160 

1264 

3720 

1190 

15)7 

3700 

3170 

1703 

-46MS 

0.393 

3760 

470 

3920 

2000 

380 

3940 

2790 

410 

3970 

2790 

94) 

4120 

2790 

1260 

4180 

2990 

184) 

4210 

*790 

1720 

•47RS 

0.102 

7340 

498 

4480 

3270 

400 

4480 

3190 

1200 

4040 

3140 

1O0C 

-48RS 

0.400 

7090 

498 

4800 

2740 

400 

4480 

*740 

1200 

4040 

2720 

1000 

-49RH 

0.206 

7480 

408 

4100 

3440 

400 

4220 

3440 

1200 

4270 

3440 

1000 

-51RH 

0.400 

6900 

398 

4230 

3240 

400 

4290 

3244 

1200 

4)44 

3240 

1000 

•  S0RHS 

0.104 

5750 

402 

4100 

3410 

490 

4)10 

3420 

1200 

4)70 

3370 

1000 

-52RHS 

0.391 

5890 

398 

4370 

71970 

400 

4480 

2970 

1200 

4800 

2900 

1000 

*A««umin|  •  •  1,00  at  In- depth  temperature  measurement  lUtlwi. 
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AVERAGED  VALUES  OF  TOTAL  NORMAL  EMITTANCE  AND  RATIOS  OF  CALCULATED  AND 
OBSERVED  TEMPERATURES  DERIVED  FROM  HOT  GAS/COLD  WALL  ARC  PLASMA  TE.C  „ 
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TABLE  49 


COMPUTED  TEMPERATURES  FOR  ZrB2  AND  HfB^  AFTER  TWENTY 

SECONDS  UNDER  10  MW  ARC  CONDITIONS 

(1  =  2000  BTU/lb,  P  =  4.  3  atm) 

6  © 


Cold  Wall  Heat  Flux 


Distance  from 

Front  Face 

800 

(BTlJ/ft^sec) 

1000 

1200 

mils 

ZrE 

\z  (density  =  375  lbs/£t3) 

Radiation  Equilibrium 

4530°F 

4640°F 

4715° 

(Eqs.  2,3) 

0 

3221 

3498 

3708 

250 

2557 

2814 

3018 

500 

1887 

2122 

2318 

1000 

1029 

1245 

1437 

HfB 

2  (density  a  625  lbs/£t3) 

Radiation  Equilibrium 

4530°F 

4640°F 

4715° 

(Eqs,  2,3) 

0 

3298 

3571 

3770 

250 

2577 

2833 

3030 

500 

1797 

2034 

2224 

1000 

461 

688 

902 

TABLE  50 
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TABLE  51 


TABL.E  52 
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TABLE 53 

Y  OF  MODEL  DIMENSIONS  BEFORE  AND  AFTER  15  SECOND  EXPOSURE  IN  WAVE  SUPERHEATER 

(HEMISPHERICAL  CAPS) 
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TABLE  55 

CAMERA  SETTINGS  EMPLOYED  IN  WAVE  SUPERHEATER  EXPOSURES 


Run  No. 
-473 


Camera 

Number 

Film  Speed 
Frames/Sec 

Focal 
Length 
of  Lena 

Aperature 

Stop 

Shutter 

Speed 

Number 

1 

200 

3  inch 

£2.8 

5 

Ektachrome 

EF 

2 

250 

4  inch 

£5. 8 

5 

Ektachrome 

EF 

3 

250 

4  inch 

f4. 0 

5 

EF 

4 

600 

11  inch* 

£5.6 

40 

ER 

-474  I  200  3  inch  £4.0  5  Ektachrome 

ER 

2  200  4  inch  £5.6  5  Ektachrome 

EF 

3  200  4  inch  £8.0  5  ER 

4  600  11  inch*  — —  40  ER 


# 


Effective  focal  length. 
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TABLE  56 

HEAT  TRANSFER  RESULTS 


Run  No. 

473 

474 

AT 

sr 

Rate  of  Temperature  Rise  -  deg.  F/sec 

780 

880 

6 

Gage  Thickness  -  in 

0.1260 

0.1265 

T 

Average  Thermocouple  Temp  at  Time 
of  Reading  -  °F 

360 

350 

c 

Corresponding  Specific  Heat  to  T  of 
Copper  -  BTU/lb  -  °F 

0.096 

0.096 

%, 

Indicated  Heat  Transfer  Rate  -  BTU/ft^- 
sec 

440 

485 

T 

w 

Gage  Surface  Temp  -  °F 

410 

395 

lw 

Gage  Surface  Enthalpy  -  BTU/lb 

210 

205 

Total  Enthalpy  of  Stream  at  Time  of 
Reading  -  BTU/lb 

1880 

1870 

%w 

Cold  Wall  Heat  Transfer  Rate  -B  TU/ft^sec 

495 

545 

ie 

Run  Enthalpy  -  BTU/lb 

2200 

2180 

°-cw 

Cold  Wall  Heat  Transfer  Rate  Corrected 
to  Run  Enthalpy  -  BTU/ft*sec 

580 

635 
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TABLE  57 
TEST  CONDITIONS 


Run  No. 

473 

474 

Rotor  Total  Pressure  -  atm 

98.2 

96.9 

Total  Temperature  -  °R 

6740 

6700 

Total  Enthalpy  -  BTU/lb 

2200 

2180 

Tunnel  Reservoir  Pressure  -  atm 

56.0 

55.0 

Test  Section  Stagnation  Pressure  on 
Model  Nose  -  atm 

1.15 

1.15 

Free  Stream  Mach  Number 

5.45 

5.45 

Free  Stream  Density  -  lbs/ft 

8  x  10“5 

8  x  10 

Free  Stream  Pressure  -  psi 

0.65 

0. 64 

Free  Stream  Velocity  -  fps 

9700 

9700 

TABLE  58 


WALL  TEMPERATURE  AND  HEAT  FLUX  HISTORY  FOR  THE  STAGNATION 
POINT  OF  A  0.  500-INCH  RADIUS  HEMISPHERICAL  NOSE  WITH 
A  THICKNESS  OF  0. 125  INCH 


Time 


qAERO 


"qRAD  qNET 


0 

0.5 

1.0 

1.5 

2.0 

2.5 
3.0 

3.5 
4.0 

4.5 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 

11.0 


0.026 

464. 1 

0.370 

431.4 

0.753 

418. 1 

1.26 

406.7 

1.94 

395.7 

2.83 

384.9 

3.96 

374.  1 

5.35 

363.3 

7.01 

351.4 

8.93 

339.3 

11.14 

327.3 

16.39 

303.  6 

22.7 

280.3 

29.9 

257.5 

37.9 

235.4 

46.4 

213.4 

55.0 

191.3 

5 


TABLE  59 


WALL  TEMPERATURE  AND  HEAT  FLUX  HISTORY  FOR  THE  STAGNATION 
POINT  OF  A  0. 250-INCH  RADIUS  HEMISPHERICAL  NOSE  WITH 
A  THICKNESS  OF  0.125  INCH 


Time 

T/R) 

qAERO 

"qRAD 

qNET 

0 

560 

653.0 

0.026 

653.0 

0.5 

1293 

593.1 

0.732 

592.4 

1.0 

1576 

568.7 

1.62 

567.1 

1.5 

1812 

548.4 

2.82 

545.6 

2,0 

2032 

529.4 

4.47 

524.9 

3.0 

2441 

490.1 

9.29 

480.8 

3.5 

2629 

471.0 

12.5 

458.5 

4.0 

2808 

453.0 

16.3 

436.7 

4.5 

2978 

435.8 

20.6 

415.2 

5.0 

3139 

419.6 

25.4 

394.2 

6.0 

3434 

389,8 

36.4 

353.4 

7.0 

3695 

361.8 

48.8 

313.0 

6.0 

3919 

335.0 

..  61.8 

273.3 

9.0 

4113 

311.9 

74.9 

237.0 

10.0 

4279 

292.1 

87.8 

204.3 

11.0 

4421 

275.2 

100.0 

175.2 

12.0 

(4576)* 

(140)* 

13.0 

(4700)* 

(112)* 

14.0 

(4800)* 

A 

(82) 

15.0 

(4872)* 

it 

(67)* 

% 

Estimated  by  hand  calculation. 
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